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FOREWORD 

T h i s  r e p o r t  i s  submi t t ed  t o  NASA, t h e  Miss ion Ana lys i s  D i v i s i o n  of OART, 

a s  p a r t  of t h e  f i n a l  r e p o r t i n g  on C o n t r a c t  NAS 2-5022, Optimized Cost /Per-  

formance Design Methodology of O r b i t a l  T r a n s p o r t a t i o n  Systems. Th is  twelve 

month s t u d y  was i n i t i a t e d  i n  J u l y  1968 and was performed i n  two g e n e r a l  p h a s e s :  

a  d a t a  review and a n a l y s i s  phase and a  sys tem e v a l u a t i o n  phase .  The r e p o r t i n g  

of t h e  s t u d y  is  organ ized  i n  t h r e e  volumes b u t  i n c l u d e s  s e v e r a l  books i n  

Volumes 2 and 3 .  Volume 1 is  a  s h o r t  summary of t h e  complete s t u d y ,  Volume 2 

covers  t h e  phase 1 d a t a  review and a n a l y s i s ,  and Volume 3 covers  t h e  

phase 2 sys tem e v a l u a t i o n .  The Study Manager was L.  M .  McKay; t h e  major Task 

Leaders  were P .  T. G e n t l e ,  V .  E .  Henderson,  L .  E.  Smith ,  and A. D .  Trautman. 

The NASA T e c h n i c a l  Monitor was C .  D .  H a v i l l .  

McDonnell Douglas g r a t e f u l l y  acknowledges t h e  s u p p o r t  and c o o p e r a t i o n  of 

many companies which s u p p l i e d  i n f o r m a t i o n  t o  t h e  s t u d y .  A l i s t  of t h e  companies 

and t h e i r  a r e a  of c o n t r i b u t i o n  i s  inc luded  i n  Appendix A,  
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ABSTRACT 

The broad o b j e c t i v e s  of t h i s  s t u d y  were t o  g a t h e r  h i s t o r i c a l  c o s t  and 

performance d a t a ,  o r g a n i z e  and a n a l y z e  t h e  d a t a  s o  t h a t  c o s t  e s t i m a t i n g  

r e l a t i o n s h i p s  could  be  developed,  and e v a l u a t e  s e v e r a l  sys tem concepts  f o r  

space  l o g i s t i c s  s u p p o r t .  

The pr imary s o u r c e  of h i s t o r i c a l  c o s t  d a t a  was t h e  Gemini and S a t u r n  

Programs and c o s t  e s t i m a t i n g  r e l a t i o n s h i p s  draw e x t e n s i v e l y  on t h i s  e x p e r i e n c e .  

A range of r e u s e  concep t s  were e v a l u a t e d  and optimum ( l e a s t  c o s t )  concep t s  

d e f i n e d  f o r  a  v a r i e t y  of program o p t i o n s .  These i n c l u d e  v a r i a t i o n s  i n  such  

t h i n g s  a s  crew s i z e ,  cargo c a p a c i t y ,  program r e q u i r e m e n t s ,  e t c .  f o r  e i t h e r  

b a l l i s t i c  o r  l i f t i n g  body (M2-F2) e n t r y  v e h i c l e s .  
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1 ,  INTRODUCTION - The Optimized Cost/Performance Design Methodology s t u d y  

s e e k s  t o  p r o v i d e  a  method of u s i n g  c o s t  a s  a  b a s i c  d e s i g n  parameter  i n  i d e n t i f y -  

i n g  and d e f i n i n g  more economical  space  t r a n s p o r t a t i o n  sys tems.  T h i s  s t u d y  was 

performed i n  s i x  t a s k s  a s  shown i n  F i g u r e  1-1. Task 1 involved deve lop ing  t h e  

c o s t  d a t a ,  o r g a n i z i n g  t h e  d a t a  by c a t e g o r i e s ,  and deve lop ing  c o s t  e s t i m a t i n g  

r e l a t i o n s h i p s .  Tasks 2 and 3 developed t h e  requ i rements  and t h e  p h y s i c a l  and 

f u n c t i o n a l  c h a r a c t e r i s t i c s  of t h e  a l t e r n a t e  s p a c e c r a f t  subsystems and 

o p e r a t i o n s .  An a n a l y t i c a l  c o s t  model was fo rmula ted  i n  Task 4. Task 5 

developed t h e  l o g i c ,  d a t a , a n d  methods f o r  s y s t e m a t i c a l l y  v a r y i n g  t h e  d e s i g n  and 

o p e r a t i o n a l  s p e c i f i c a t i o n s  of each v e h i c l e  c o n f i g u r a t i o n .  Using t h e  d a t a  and 

t o o l s  developed i n  t h e  o t h e r  t a s k s ,  Task 6 determined t h e  economical ly  optimum 

d e s i g n  and o p e r a t i o n a l  phi1osophies;sensitivities t o  program s i z e ,  launch r a t e ,  

pay load  s i z e ;  and t h e  problem a r e a  and technology l i m i t a t i o n s .  

The work performed i n  Task 2 i s  r e p o r t e d  h e r e .  The o b j e c t i v e s  of t h i s  

t a s k  were t o :  

1. Def ine  m i s s i o n  paramete rs  and c h a r a c t e r i s t i c s  f o r  a l o g i s t i c s  m i s s i o n  

t o  r e s u p p l y  a  12-man s p a c e  s t a t i o n  i n  a 300 n a  m i  e a r t h  o r b i t .  

These m i s s i o n  paramete rs  were t o  b e  based on t h e  g e n e r a l  pa ramete rs  

g i v e n  i n  Refe rence  1-1. 

2.  Der ive  t h e  f u n c t i o n a l  and performance requ i rements  f o r  t h e  s e v e r a l  

s p a c e c r a f t  subsystems.  These r e q u i r e m e n t s  must cover  a  range  of 

r e u s e  o a t e g o r i e s  r a n g i n g  from comple te ly  expendable  t o  comple te ly  

r e u s a b l e  s p a c e  v e h i c l e s .  

3 .  Def ine  a l t e r n a t e  concep t s  f o r  t h e  s p a c e c r a f t  subsystems. These con- 

c e p t s  a r e  t o  i n c l u d e  s imple  and s o p h i s t i c a t e d ,  c u r r e n t  and advanced 

t echnology ,  and l i g h t  and heavy concep ts .  
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2.  SUMMARY - The Task 2 e f f o r t ,  Design Data Review and A n a l y s i s ,  of t h e  

Optimized Cost /Performance Design Methodology s t u d y , h a s  d e f i n e d  a  range  of 

m i s s i o n  paramete rs  and c h a r a c t e r i s t i c s  f o r  a  l o g i s t i c s  m i s s i o n ,  d e r i v e d  space-  

c r a f t  subsystem f u n c t i o n a l  and performance r e q u i r e m e n t s ,  and d e f i n e d  t h e  

p h y s i c a l  and performance c a p a b i l i t i e s  of s e v e r a l  d e s i g n  approaches  f o r  each  

subsystem. A range  of r e u s e  concep t s  from f u l l y  expendable  t o  f u l l y  r e c o v e r a b l e  

s p a c e  v e h i c l e s  f o r  b o t h  a  b a l l i s t i c  and a  low LID l i f t i n g  body e n t r y  v e h i c l e  

was i n v e s t i g a t e d .  The work performed i n  Task 2  i s  r e p o r t e d  i n  t h i s  book. 

The p r o g r e s s i o n  of t h e  r e u s e  c a t e g o r i e s  from f u l l y  expendable  t o  f u l l y  

r e u s a b l e  i s  shown i n  Tab le  2-1. These c a t e g o r i e s  a p p l i e d  t o  b o t h  t h e  b a l l i s t i c  

( C o n f i g u r a t i o n  I )  and t h e  l i f t i n g  body (Conf igura t ion  11)  c o n f i g u r a t i o n s .  For 

c a t e g o r i e s  A and B, t h e  b a l l i s t i c  v e h i c l e  had a 60 deg cone a n g l e .  A 40 deg 

cone a n g l e  was used f o r  t h e  o t h e r  c a t e g o r i e s .  For t h e  l i f t i n g  body conf igura -  

t i o n ,  t h e  NASA M2-F2 c o n f i g u r a t i o n  w i t h  a n  L/D of 1.1 was used.  The b o o s t e r s  

were t r e a t e d  p a r a m e t r i c a l l y  and,  f o r  purposes  of s i z i n g  a  CPM and a n  a d a p t e r ,  

were  assumed t o  have a  d iamete r  e q u a l  t o  t h e  b a s e  of t h e  b a l l i s t i c  v e h i c l e s  o r  

t o  t h e  maximum wid th  of t h e  l i f t i n g  v e h i c l e .  

TABLE 2-1 

Reuse Category Summary 

Maneuver, P r o p u l s i o n /  
Cargo Module 

Upper S t a g e  Engines 

pper  S t a g e  Tanks 

E  - Expendable R - Reusable  0 I n t e g r a l  

3 
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Using the general mission parameters specified in the RPP, detailed 

mission requirements and characteristics for each phase of a logistics resupply 

mission were defined. In addition to defining a nominal mission, variations 

were also specified, Requirements and characteristics defined included tra- 

jectories, load factors, thrust-to-weight and impulse-to-weight ratios, AV 

requirements, and length of time for mission phase. 

The subsystem functional and performance requirements were then defined 

and quantized. Alternate concepts that could meet these requirements were 

synthesized for each subsystem. Five subsystems were identified as those 

where potentially significant variations in total systein cost could be anti- 

cipated when varying the subsystem concept. These subsystems were structure 

(including thermal protection), propulsion, environmental control, avionics, 

and power. Specifications for these (excluding structure and thermal protection) 

were prepared and submitted to vendors for design, cost, and reliability data. 

The resulting data were used to verify or to up-date the spacecraft sizing 

program and to aid in formulating the cost estimating relationships. 

From the alternate subsystem concepts, baseline subsystems were chosen 

for each reuse category. These are summarized in section 6, Tables 6-1 and 

6-2. These baseline subsystems are a starting place for the subsystem-opera- 

tional mode optimization performed in another task. 

Subsystem alternates that were defined were used to synthesize total 

vehicle systems concepts for evaluation in a subsequent task. 

Section 3 of this report contains the groundrules and assumptions that 

were applied in the study, then section 4, 5, and 6 contain the mission charac- 

teristics and Requirements; spacecraft characteristics; and Subsystem Require- 

ments, Concepts, and Definitions. 
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3 .  DESIGN GROUND RULES AND-ASSUMPTIONS - The ground r u l e s  t h a t  guided 

t h e  sys tem and subsystem d e s i g n  e f f o r t ,  b o t h  t h o s e  d e f i n e d  by NASA and 

by t h e  c o n t r a c t o r ,  a r e  d i s c u s s e d  below. Those d e f i n e d  by NASA i n  t h e  RFP 

b r o a d l y  d e f i n e d  t h e  scope  of t h e  s t u d y .  

3 . 1  NASA Defined Ground Rules  - The m i s s i o n  t o  be performed by t h e  

s p a c e c r a f t  under  s t u d y  i s  f o r  crew r o t a t i o n  and resupp ly  of a  12-man s p a c e  

s t a t i o n .  The f o l l o w i n g  ground r u l e s  were s p e c i f i e d  a t  t h e  o n s e t  t o  d e f i n e  

t h e  range  of t h e  major  miss ion  paramete rs .  

1. The r e e n t r y  s p a c e c r a f t  s i z e  w i l l  be  v a r i e d  o v e r  t h e  range  of 

crew s i z e s  from two t o  twelve men and over  t h e  range  of r e t u r n  ca rgo  c a p a c i t y  

from 200 t o  2000 l b  occupying from 100 t o  400 cu f t .  

2 .  Cargo s p a c e ,  e i t h e r  i n t e g r a l  w i t h  t h e  r e e n t r y  s p a c e c r a f t  

o r  i n  an  expendable  c a r g o  module, w i l l  be provided f o r  d e l i v e r e d  ca rgo  over  

t h e  range  of from 20,000 l b .  t o  200,000 l b  w i t h  d e n s i t y  v a r i a t i o n s  between 

5 and 1 0  l b  cu f t .  

3 .  Boost c a p a b i l i t y  w i l l  b e  p rov ided  from b o t h  ETR and WTR i n t o  

a 100 n a  m i  o r b i t  f o r  i n c l i n a t i o n s  of 50 deg ,  70 deg,  and p o l a r .  An o r b i t a l  

p r o p u l s i v e  c a p a b i l i t y  w i l l  a l s o  be  provided t o  a c c e l e r a t e  i n t o  a  rendezvous 

o r b i t  of 300 n a  m i  a l t i t u d e  w i t h  a  maximum p l a n e  change of 1 deg ,  t o  dock,  and 

t o  i n i t i a t e  recovery .  

4 .  Both l a n d  and w a t e r  l a n d i n g s  w i l l  b e  cons idered  a s  pr imary 

l a n d i n g  modes. 

5 .  The t ime  f o r  r e t u r n  from o r b i t  w i l l  b e  v a r i a b l e  over  t h e  range 

of from two t o  twenty f o u r  h o u r s .  

3.2 C o n t r a c t o r  Defined Ground Rules  and Assumptions - A d d i t i o n a l  ground 

r u l e s  developed d u r i n g  t h e  s t u d y  and a  b r i e f  j u s t i f i c a t i o n  a r e  g iven  below: 

1. Water l a n d i n g s  w i l l  be  c o n s i d e r e d  f o r  t h e  e-xlendable b a l l i s t i c  

v e h i c l e s  on ly .  Requirements f o r  re fu rb i shment  a f t e r  a wate r  l a n d i n g  cannot  

p r e s e n t l y  b e  e s t i m a t e d .  

. S i n c e  t h e  s p a c e c r a f t  i s  un inhab i ted  d u r i n g  o r b i t a l  o p e r a t i o n s ,  
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s t a n d b y  power i s  r e q u i r e d .  T h i s  h a s  l i t t l e  e f f e c t  on t h e  s p a c e  s t a t i o n  t o t a l  

power r e q u i r e m e n t s  b u t  d o e s  r e d u c e  t h e  e x p e n d a b l e s  r e q u i r e d  i n  t h e  s p a c e c r a f t .  

. S i n c e  t h e  c a r g o  

q u a n t i t y  and d e n s i t y  are m i s s i o n  v a r i a b l e s ,  t h e  make-up o f  t h e  c a r g o  c a n n o t  

b e  p o s t u l a t e d .  T h e r e f o r e ,  i t  is  i m p o s s i b l e  t o  d e f i n e  h e a t i n g ,  c o o l i n g ,  

p lumbing,  e t c . ,  t h a t  m i g h t  b e  r e q u i r e d .  

4 .  I n  a s s i g n i n g  t h e  r e l i a b i l i t y  b u d g e t ,  i t  w i l l  b e  assumed t h a t  

s h a l l  b e  0 .95 .  The g o a l  f o r  p r o b a b i l i t y  of  m i s s i o n  s u c c e s s  was e s t a b l i s h e d  

w i t h  NASA t o  b e  0 . 9 5 ,  t h e  p r o b a b i l i t y  o f  crew s u r v i v a l  was set  a t  .995.  Because  

of  t h e  v a r i a t i o n ,  i n  d e s i g n  c o n c e p t s  ( f rom modular  t o  i n t e g r a l  uppe r  s t a g e ) ,  

i t  w a s  e s t a b l i s h e d  t h a t  t h e s e  g o a l s  would i n  a l l  c a s e s  b e  a p p l i e d  t o  t h e  

comple t e  v e h i c l e  above  t h e  f i r s t  s t a g e  o f  t h e  l a u n c h  v e h i c l e .  Fo r  modular  

c o n f i g u r a t i o n s  where a s e p a r a t e  expendab le  uppe r  s t a g e  i s  r e q u i r e d ,  i t  was 

a s s i g n e d  a n  appor t ionmen t  o f  0.975.  T h i s  was based  on t h e  S-IVB C r i t i c a l i t y  

and Loss  R e l i a b i l i t y  A n a l y s i s  of  t h e  SA-501 v e h i c l e ,  p u b l i s h e d  28  Februa ry  1967.  

1 7 , 0 0 0  f t / s e c  i n v e s t i g a t e d .  Second s t a g e  v e l o c i t y  r e q u i r e m e n t s  can  b e  v a r i e d  

i f  t h e  f i r s t  s t a g e  i s  a " rubbe r"  l a u n c h  v e h i c l e .  T h i s  r a n g e  is  based  o n  t h e  

s t u d y  r e p o r t e d  i n  R e f e r e n c e  3-1, 

. Because  

t h i s  s t u d y  i s  o r i e n t e d  p r i m a r i l y  toward s p a c e c r a f t  c o s t s  w i t h  o n l y  f i r s t  o r d e r  

a p p r o x i m a t i o n  of  b o o s t e r  c o s t s ,  t h e  b o o s t e r  s t u d y  w i l l  b e  done  p a r a m e t r i c a l l y .  

T h e r e f o r e ,  t h e r e  is  no r e a s o n  t o  l i m i t  b o o s t e r  d i a m e t e r .  

6 
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t h e  forward s e c t i o n  o f  t h e  s p a c e c r a f t  houses  t h e  men and equipment f o r  an  e s c a p e  

c a p s u l e .  T h i s  s e c t i o n  r e p r e s e n t s  an aerodynamic c o n f i g u r a t i o n  t h a t  h a s  n o t  y e t  

been i n v e s t i g a t e d  and r e q u i r e  e x t e n s i v e  a n a l y s e s  which a r e  beyond t h e  scope  

of t h i s  s t u d y .  However, t h e  s i z i n g  of t h e  n e c e s s a r y  r e a c t i o n  c o n t r o l  sys tem 

and p a r a c h u t e s  w i l l  b e  accomplished.  

8. Abort t r a j e c t o r i e s  w i l l  n o t  be used t o  d e s i g n  t h e  the rmal  

. Because t h e  s p a c e c r a f t  i s  n o t  r e u s a b l e  a f t e r  a b o r t ,  

l o c a l  h o t  s p o t s  o r  even minor f a i l u r e s  i n  t h e  the rmal  p r o t e c t i o n  system can  

be  t o l e r a t e d  d u r i n g  a b o r t .  S i n c e  t h e  v e h i c l e  i s  des igned  f o r  r e u s e ,  i t  can  

a c c e p t  an i n c r e a s e  i n  h e a t i n g  f o r  a  s h o r t  t ime  w i t h o u t  minor f a i l u r e s  o c c u r r i n g .  

With a  100 n a  m i  i n j e c t i o n  a l t i t u d e ,  t h e  100 deg t o  200 deg i n c r e a s e  i n  tem- 

p e r a t u r e  i n  t h e  l aminar  f low r e g i o n  t h a t  would occur  d u r i n g  a b o r t  w i l l  n o t  be  

g r e a t  enough t o  cause  more t h a n  minor f a i l u r e s  i n  t h e  r e u s a b l e  the rmal  p r o t e c t i o n  

system. 

9 .  The nominal b o o s t  t r a j e c t o r y  used t o  de te rmine  b o o s t  l o a d s  

and environment w i l l  b e  based on S a t u r n  V w i t h  no v a r i a t i o n  cons idered .  
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4.  - The pr imary i n f l u e n c e s  

governing t h e  s p a c e c r a f t  d e s i g n  a r e  t h e  performance c a p a b i l i t i e s  and space- 

c r a f t  environments  d u r i n g  each phase  of t h e  l o g i s t i c s  m i s s i o n .  I n  t h i s  

s e c t i o n ,  a  nominal set of o p e r a t i o n a l  p rocedures  and m i s s i o n  c h a r a c t e r i s t i c s  

i s  d e f i n e d  f o r  each m i s s i o n  phase  t o  form a  base  p o i n t  f o r  sys tem d e f i n i t i o n .  

V a r i a t i o n s  from t h e  nominal c h a r a c t e r i s t i c s  a r e  a l s o  given.  D i f f e r e n c e s  i n  

m i s s i o n  c h a r a c t e r i s t i c s  a t t r i b u t a b l e  t o  t h e  v a r i a t i o n  i n  e n t r y  s p a c e c r a f t  

t y p e s  ( B a l l i s t i c  and M2-F2) a r e  no ted .  Data  shown were d e r i v e d  from in-house 

s t u d i e s  and from t h e  s t u d i e s  o f  References  4-1 th rough  4-5. 

4 . 1  Pre launch  - T y p i c a l  p re launch  a c t i v i t i e s  a r e  shown i n  Tab le  4-1, 

based on d a t a  f o r  Apol lo /Sa tu rn  V and Gemini B/Ti tan  I I I M .  The p re launch  

t ime  t o  be  cons idered  f o r  each subsystem depends upon t h e  p o i n t  i n  the count-  

down sequence where t h e  subsystem i s  a c t i v a t e d .  

4 . 2  Launch - The launch  s i t e  can  be e i t h e r  ETR o r  WTR depending on t h e  

d e s i r e d  o r b i t  i n c l i n a t i o n .  Launch i n t o  50 o r  70 d e g r e e  i n c l i n a t i o n  o r b i t s  i s  

performed from ETR w h i l e  l a u n c h  i n t o  a 90-degree i n c l i n a t i o n  o r b i t  i s  

performed from WTR. The i n s e r t i o n  o r b i t  i n  a l l  c a s e s  i s  a  100 na  m i  c i r c u l a r  

o r b i t .  T y p i c a l  l aunch  s t a g e  c h a r a c t e r i s t i c s  and requ i rements  a r e  p r e s e n t e d  i n  

T a b l e  4-2 .  These have been formulated from S a t u r n  L and S a t u r n  V (two s t a g e )  

l aunch  v e h i c l e  c h a r a c t e r i s t i c s .  A t y p i c a l  launch t r a j e c t o r y  i s  shown i n  

F i g u r e  4-1. The f i r s t  s t a g e  launch v e h i c l e  c h a r a c t e r i s t i c s  a r e  assumed 

c o n s t a n t ,  such t h a t  t h e  f i r s t  s t a g e  p r o v i d e s  e s s e n t i a l l y  t h e  same performance 

and same t r a j e c t o r y  c h a r a c t e r i s t i c s  r e g a r d l e s s  of payload s i z e  and shape.  

Only t h e  g r o s s  l aunch  weight  v a r i e s  t o  accommodate second-s tage i g n i t i o n  

weight .  

The second s t a g e  i s  c o n s i d e r a b l y  more f l e x i b l e ,  a l lowing  f o r  t r ade-of f  

s t u d i e s  w i t h  an  i n t e g r a l  launch-re-entry  v e h i c l e  concept  f o r  t h e  l o g i s t i c  

s p a c e c r a f t .  The impuls ive  v e l o c i t y  requ i rements  f o r  t h e  second s t a g e  

g e n e r a l l y  d e c r e a s e  w i t h  i n c r e a s i n g  th rus t - to -weigh t  r a t i o ,  up t o  T/W v a l u e s  

o f  about  1 . 5 .  For t h i s  s t u d y ,  t h e  f i r s t  s t a g e  of l aunch  f o r  t h e  i n t e g r a l  

v e h i c l e s  i s  assumed t o  p rov ide  s u f f i c i e n t  v e l o c i t y  increment t h a t  t h e  nominal 

second s t a g e  requ i rements  a r e  16,000 f t / s e c ,  The e f f e c t s  of v a r y i n g  t h e s e  

requ i rements  from 15 ,000  t o  17 ,000  f t / s e c  were a l s o  i n v e s t i g a t e d .  
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Table  4-2 a l s o  d e f i n e s  t h e  l aunch  escape  system requ i rements  and s i g n i f i -  

c a n t  a b o r t  t r a j e c t o r y  c h a r a c t e r i s t i c s .  These app ly  f o r  a l l  l aunch  v e h i c l e s  

be ing  c o n s i d e r e d .  The escape  r o c k e t  t o t a l  impulse-to-weight r a t i o  r e q u i r e d  

i s  shown i n  t h e  t a b l e .  T h i s  i s  determined p r i m a r i l y  by t h e  pad a b o r t  r e q u i r e -  

ments. When t h e  e n t i r e  l i f t i n g  body s p a c e c r a f t  i s  used a s  t h e  escape  v e h i c l e ,  

t h e  requ i rements  a r e  reduced.  Th is  i s  because  t h e  g l i d i n g  c a p a b i l i t i e s  of t h e  

v e h i c l e  can be u t i l i z e d  t o  p rov ide  a d d i t i o n a l  range.  Recovery a f t e r  a n  a b o r t  

i s  accomplished by p a r a c h u t e  and i s  d i s c u s s e d  i n  S e c t i o n  4 . 7 .  

4 . 3  O r b i t a l  Maneuvering - A f t e r  b o o s t e r  burnou t ,  maneuvers r e q u i r e d  t o  

rendezvous and dock w i t h  t h e  space  s t a t i o n  u t i l i z e  t h e  on-board p r o p u l s i o n  

system. These a c t i v i t i e s  a r e  summarized i n  Tab le  4-3.  A f t e r  i n s e r t i o n  i n t o  

a  100 n a u t i c a l  m i l e  c i r c u l a r  o r b i t ,  t h e  s p a c e c r a f t  remains  t h e r e  f o r  p roper  

phas ing .  The maximum a s c e n t  t ime ( s t a r t  of l aunch  t o  docking) u t i l i z e d  f o r  

l o g i s t i c  m i s s i o n s  i s  24  h o u r s ,  r e s t r i c t i n g  t h e  phas ing  t ime t o  20 h o u r s  

naximum. I f  t h e  l o g i s t i c  s p a c e c r a f t  must remain i n  t h i s  phasing o r b i t  up t o  

t h e  maximum t i m e ,  a  A V  of 20 f t / s e c  i s  r e q u i r e d  t o  main ta in  t h e  o r b i t  due t o  

d r a g  decay e f f e c t s .  

TABLE 4-1 

MISSION REOUIREMENTS AND CHARACTERISTICS 

PRELAUNCH PHASE 

Procedures  

o Hatches  Closed Hatches  Closed = T-105 min 

o  S e r v i c e  Tower Tower Moved = T-100 min 

o  I n t e r n a l  Power I n t e r n a l  Power U t i l i z e d  
a t  T-23 min 
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TABLE 4-2 

MISSION REQUIREMENTS AND CHARACTERISTICS 

LAUNCH PHASE 

P r o c e d u r e s  

70" from ETR 
O r b i t  I n c l i n a t i o n  = 50' 90' from WTR 

o R o l l  Maneuver t o  Number of Crew = 9 
Des i red  Launch 

G r a v i t y  Turn Burn t i m e  = 150 s e c  
o  Engine Shutdown T / W  a t  l i f t - o f f  = 1 .25  

Second S t a g e  Boost 
?5,000 t o  17,000 f t l s e c  

Minimum of 0.5 
o  J e t t i s o n  Escape Tower 
o  P i t c h  Maneuver f o r  ximum Load F a c t o r  = 5 g '  

o Engine Shutdown s e r t i o n  O r b i t  = 
100 na m i  c i r c  

Launch Abort 
1. Launch Escape Tower Tower T/W= 10 .0  

o  Mal func t ion  Tower Impulse/  
D e t e c t i o n  Aborted Weight 

o  A c t i v a t i o n  of LES o B a l l i s t i c  Capsules  

o  S e p a r a t i o n  from o Escape c a p s u l e s  = 

o J e t t i s o n  Tower 
Overpressure  L imi t  = 

o Water Landing 
Minimum of 0.025 

o  Shutdown Booster  Re t rograde  AV = 

o S e p a r a t i o n  from 

* I n t e g r a l  s p a c e c r a f t  o n l y ,  S a t u r n  t y p e  l aunch  v e h i c l e  
assumed f o r  modular s p a c e c r a f t .  

10 
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TABLE 4-3 

MISSION REQUIREMENTS AND CHARACTERISTICS 

ORBIT MANEUVERING PHASE 

O p e r a t i o n a l  
P rocedures  

>to S e p a r a t e  from upper 
S tage  

o Adjust  O r b i t  t o  
100 na m i  C i r c u l a r  

o Coast  i n  O r b i t  f o r  
P roper  Phasing 

o Main ta in  100 n a  m i  
O r b i t  d u r i n g  Phasing 

o Compute Rendezvous 
Maneuvers 

Rendezvous 
o Maneuver t o  I n t e r i m  

E l l i p t i c a l  O r b i t  
o Adjust  O r b i t  f o r  Fina 

Phasing 
o C i r c u l a r i z a t i o n  t o  

Terminal Rendezvous 
O r b i t  

o V e r i f y  Terminal 
Rendezvous Maneuvers 

o Perform Terminal 
Rendezvous 

o V i s u a l l y  Close  on 
Space S t a t i o n  

o Dock w i t h  Space 
S t a t i o n  

o D e a c t i v a t e  s p a c e c r a f t  
t o  Standby S t a t u s  

A t t i t u d e  Cont ro l  
o Cont ro l  O r b i t i n g  

S p a c e c r a f t  d u r i n g  
a l l  O r b i t a l  
Maneuvering Phases  

A V  S e p a r a t i o n  = 1 0  f p s  
Minimum Time i n  Phasing 
O r b i t  = 30 rnin 
A V  f o r  Drag Decay = 

0 f t / s e c  

Gross Rendezvous' A V  
= 775 f t l s e c  
Space S t a t i o n  O r b i t  = 
300 na m i  
O r b i t  a t  End of Gross 
Rendezvous = 285 n a  m i  
Gross  Rendezvous Time = 
1 8  h r s  
Terminal Rendezvous 
Av = 200 f t / s e c  
Time t o  Perform Terminal 
Rendezvous = 25 rnin 
Range a t  End of 
Rendezvous = 100 f t  

Docking AV = 40 f t / s e c  
Time t o  Dock = 30 rnin 
T/W = .02  ( f w d l a f t )  

= 0 . 1  ( l a t l v e r t )  

Angular A c c e l e r a t i o n  (rnin) 
= 1 . 0  d e g / s e c l S e c  
T o t a l  impulse t o  SIC weight 
r a t i o  = 0 .8  s e c  

.nd C h a r a c t e r i s t i c s  
V a r i a t i o n  About Nominal 

None 
Maximum Time i n  Phasing 
O r b i t  - 20 h r s  
AV = 20 f t / s e c ,  d r a g  deca 

AV V a r i a t i o n  640 t o  
775 f t / s e c  w i t h  Allowance 
f o r  lo P l a n e  Change 

None 
None 

None 

None 

25 rnin t o  70 rnin 
None 

None 
None 
None 

None 

None 

* Unless  upper s t a g e  is ,  i n t e g r a l  
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Figure 4-1 

TYPICAL BWST TRAJECTORY 

2 STAGE SATURN V (S-IC AND 5-ll) 

Time - Sec 

+ First Stage Performance Range fo r  Integral Vehicle 

A f t e r  a c h i e v i n g  p r o p e r  phas ing ,  rendezvous c o n s i s t s  of t h r e e  phases :  a 

g r o s s  rendezvous (open l o o p  n a v i g a t i o n ) ,  t h e  t e r m i n a l  rendezvous ( c l o s e d  

l o o p ) ,  and t h e  docking ( v i s u a l ) .  The g r o s s  rendezvous i s  in tended  t o  t r a n s f e r  

t h e  s p a c e c r a f t  t o  a p o i n t  c l o s e  t o  t h e  space  s t a t i o n .  The A V  r e q u i r e d  t o  

perform t h e  g r o s s  rendezvous i s  shown i n  F i g u r e  4-2 a s  a f u n c t i o n  o f  space  

s t a t i o n  a l t i t u d e .  The d e s i g n  p o i n t  s e l e c t e d  i n  d e f i n i n g  system requ i rements  

a l l o w s  f o r  a maximum one-degree p l a n e  change o p t i m a l l y  s p l i t  between t h e  t h r e e  

t r a n s f e r  burns .  T h i s  r e q u i r e s  a A V  c a p a b i l i t y  o f  775 f t / s e c  f o r  g r o s s  rendez- 

vous ,  A t  t h e  end of t h e  g r o s s  rendezvous,  t h e  s p a c e c r a f t  is  t y p i c a l l y  

15 n a  m i  below and from 50 t o  100 behind t h e  s t a t i o n .  The th rus t - to -weigh t  

r a t i o  u t i l i z e d  should n o t  be  l e s s  t h a n  0.3 i n  o r d e r  t o  avoid l a r g e  d i s t o r t i o n s  

i n  AV requ i rements  and i n  o r b i t  shape.  

The t e r m i n a l  rendezvous b e g i n s  a f t e r  c i r c u l a r i z a t i o n  a t  t h e  b i a s e d  a l t i -  

t u d e  below and behind t h e  space  s t a t i o n  and ends  w i t h  t h e  s p a c e c r a f t  abou t  

100 f e e t  from t h e  s t a t i o n ,  The Gemini range-range r a t e  t e r m i n a l  rendezvous 

t e c h n i q u e  i s  assumed, t h e r e b y  r e q u i r i n g  a r a d a r ,  i n e r t i a l  p l a t f o r m ,  and d i g i t a l  

computer. Based on e x t e n s i v e  s i m u l a t i o n  o f  t h e  rendezvous t e c h n i q u e ,  i n c l u d i n g  

d i s p e r s i o n s ,  a AV requ i rement  of 200 f t / s e c  h a s  been e s t a b l i s h e d .  The t i m e  

12 
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GROSS RENDEZVOUS MANEUVER REQUIREMENTS 
Figure 4-2 

FROM 100 N A  MI  PARKING O R B I T  

200 300 
Space Station Alt i tude - Na Mi 

200 400 60 0 
Space Station Altitude - Km 
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r e q u i r e d  t o  perform t h i s  rendezvous can  v a r y  from a minimum of  25 minu tes  t o  

a maximum o f  approx imate ly  70 minu tes .  Docking i s  v i s u a l l y  performed, 

r e q u i r i n g  a AV o f  4 0  f t / s e c  and approximately  30 minu tes .  

4.4  - The main requirement  f o r  t h e  s p a c e c r a f t  d u r i n g  t h e  

o r b i t a l  s t o r a g e  o r  o r b i t a l  s t andby  p e r i o d  i s  t h a t  i t  b e  mainta ined by on-board 

o r  space  s t a t i o n  sys tems f o r  emergency evacua t ion  and d e p a r t u r e  from t h e  s p a c e  

s t a t i o n ,  The q u i e s c e n t  s t o r a g e  p e r i o d  t o  be cons idered  i s  nominal ly  one d a y  

w i t h  a maximum d u r a t i o n  o f  90 days .  Typica l  a c t i v i t i e s  a r e  summarized i n  

Tab le  4-4. 

TABLE 4-4 

MISSION REQUIREMENTS AND CHARACTERISTICS 

ORBITAL STORAGE PHASE 
- - - -  

SIC Subsystems and 
P r o v i d e  Moni to r ing  A l l  Requirements f o r  Power, 

Environmental  Cont ro l ,  and 
Food Provided by Space 

S p a c e c r a f t  Subsystems 
o T r a n s f e r  Cargo t o  D e l i v e r e d  Cargo of 20,000 t o  200,000 l b s  

Space S t a t i o n  
Return Cargo o f  200 l b s  200 t o  2,000 l b s  

I n s t a l l  Return Cargo 
i n  En t ry  Module 
Re-Activate and Check- 
o u t  S p a c e c r a f t  Systems 

Note: No Space S t a t i o n  O r b i t a l  
Decay C o r r e c t i o n  Provided 
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4 .5  - A f t e r  t h e  r e t u r n  d e c i s i o n  h a s  been made and a l l  prepara-  

t i o n s  and checks  have been completed,  t h e  r e t u r n  maneuver i s  i n i t i a t e d  by 

s e p a r a t i n g  from t h e  s p a c e c r a f t ,  u t i l i z i n g  a  AV of about  1 0  f t / s e c .  For  a  

normal m i s s i o n ,  t h e  approximate  r e t u r n  t ime  i s  known f a r  enough i n  advance 

t o  compute t h e  o r b i t a l  ground t r a c k  d u r i n g  e n t r y  and t h e  r e s u l t i n g  c r o s s r a n g e  

and phas ing  requ i rements .  These ,  i n  t u r n ,  de te rmine  t h e  number of w a i t i n g  

o r b i t s  and phas ing  o r b i t s  needed t o  reach  a  s p e c i f i e d  l a n d i n g  s i t e .  Typ ica l  

r equ i rements  and a c t i v i t i e s  a r e  summarized i n  Tab le  4-5. 

For t h e  M2-F2 s p a c e c r a f t ,  t h e  aerodynamic maneuver c a p a b i l i t y  can p r o v i d e  

a  24 h r  r e t u r n  c a p a b i l i t y  wi thou t  t h e  use  of a  phas ing  maneuver. I n  t h i s  

c a s e ,  t h e  e n t r y  s p a c e c r a f t  w i l l  remain docked t o  t h e  s t a t i o n  u n t i l  about  one 

o r b i t  p r i o r  t o  t h e  d a i l y  overpass  n e a r e s t  t h e  s e l e c t e d  l a n d i n g  s i t e .  A f t e r  

s e p a r a t i n g  and maneuvering c l e a r  o f  t h e  s t a t i o n ,  t h e  s p a c e c r a f t  i s  o r i e n t e d  

t o  t h e  r e t r o  a t t i t u d e  and,  a t  t h e  p roper  t ime ,  a  r e t r o g r a d e  impulse  i s  

a p p l i e d .  The r e t r o g r a d e  A V  r e q u i r e d  i s  a  f u n c t i o n  of t h e  o r b i t  a l t i t u d e  a s  

shown i n  F i g u r e  4-3. For t h e  nominal 300 na  m i  o r b i t ,  a  AV of about  500 f t / s e c  

i s  needed. 

For  t h e  b a l l i s t i c  s p a c e c r a f t ,  t h e  r e t r o g r a d e  AV r e q u i r e d  i s  t h e  same a s  

f o r  t h e  l i f t i n g  s p a c e c r a f t .  However, s i n c e  t h e  c r o s s r a n g e  requirement  w i l l  

u s u a l l y  exceed t h e  aerodynamic maneuver c a p a b i l i t y ,  a  phasing maneuver w i l l  

be r e q u i r e d .  S e p a r a t i o n  must be  accomplished a  s u f f i c i e n t  number of o r b i t a l  

r e v o l u t i o n s  p r i o r  t o  r e t r o - f i r e  f o r  t h e  r e q u i r e d  o r b i t  t r a c k  s h i f t .  

The r e t r o g r a d e  A V  shown i n  F i g u r e  4-3 i s  f o r  a r e t r o  t h r u s t  v e c t o r  

o p p o s i t e  t o  t h e  v e l o c i t y  v e c t o r ,  For a  b a l l i s t i c  v e h i c l e  having l i m i t e d  

maneuver c a p a b i l i t y ,  i t  i s  advantageous  t o  o r i e n t  t h e  r e t r o  t h r u s t  v e c t o r  

t o  minimize r a n g e  d i s p e r s i o n  s e n s i t i v i t y  a t  v a r i o u s  r e t r o  a l t i t u d e s  a s  shown 

i n  F i g u r e  4-4. 

4 . 5 . 1  - When a  w a i t i n g  t ime  i n  o r b i t  of  

24 hours  i s  allowed p r i o r  t o  e n t r y ,  t h e  c r o s s r a n g e  m a n e u v e r a b i l i t y  needed 

w i l l  b e  no more than  h a l f  t h e  d i s t a n c e  between s u c c e s s i v e  o r b i t  t r a c e s .  T h i s  

d i s t a n c e  depends on t h e  o r b i t  a l t i t u d e  and i n c l i n a t i o n ,  t h e  l a n d i n g  s i t e  

l a t i t u d e ,  t h e  number of l a n d i n g  s i t e s  a v a i l a b l e ,  and t h e i r  l o n g i t u d i n a l  d i s t r i -  

bu t  i o n .  
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TABLE 4-5 

MISSION REQUIREMENTS AND CHARACTERISTICS 

DE-ORBIT PHASE 

V e r i f y  P r e d i c t e d  O r b i t  
Ground Tracks  

S e l e c t  Landing S i t e  21 Landing S i t e s  World Wide Recovery 

E s t a b l i s h  Time t o  O r b i t a l  P a s s  Nearest Within One O r b i t  
I n i t i a t e  E n t r y  Landing S i t e .  Up 

t o  24 h o u r s  d e l a y .  

Determine Crossrange See F i g u r e s  4-5 t o  4-7 

Requirements 

S e l e c t  S e p a r a t i o n  Time 

S e p a r a t e  from S t a t i o n  AV = 1 0  f t / s e c  

Perform P l a n e  Change AV f o r  2  h r  r e t u r n  
Dependent on number and 
L a t i t u d e  of Return s i t e s ,  
O r b i t  I n c l i n a t i o n  and 
S p a c e c r a f t  LID (See 
F i g u r e s  4-12 & 4 - 1 3 ) .  

V e r i f y  Re t ro  Time 

O r i e n t  S p a c e c r a f t  a t  
R e t r o  A t t i t u d e  AV = 625 f t / s e c  ( s o l i d )  
F i r e  R e t r o  Rockets  

B a l l i s t i c  S p a c e c r a f t  Only 
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Figure 4-3 

ATMOSPHERIC REENTRY NOMOGRAPH 

RETROGRADE IMPULSE APPLIED ALONG VELOCITY VECTOR ( = 180°) 

24.6 24.8 25.0 25.2 25.4 25.6 25,8 26.0 26.2 26.4 26,6 26.8 
Inert ial  Reentry Veloc i ty  at 400,000 F t  - V - 1,000 Ft/Sec 

Inert ial  Reentry Velocity at 400,000 F t  - V - Km/Sec 

L im i t  
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Figure 4-4 

RETROGRADE ATTITUDE REQUIREMENT 
FROM CIRCULAR ORBIT 

FOR MINIMUM RANGE SENSITIVITY [ d R / a 8  R= Ol 
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For  emergency r e t u r n s  w i t h  l e s s  t h a n  24  h o u r s  d e l a y ,  t h e  c r o s s r a n g e  

maneuver requ i rements  i n c r e a s e  r a p i d l y  w i t h  d e c r e a s i n g  d e l a y  t ime.  I n  

F i g u r e  4-5 t h e  c r o s s r a n g e  r e q u i r e d  i s  shown a s  a  f u n c t i o n  of t h e  number of 

a v a i l a b l e  l a n d i n g  s i t e s  f o r  a  24 hour r e t u r n ,  (16 o r b i t  d e l a y ) ,  a n  immediate 

r e t u r n ,  and a  3  o r b i t  d e l a y  t ime .  R e s u l t s  are shown f o r  an o r b i t  i n c l i n a t i o n  

of 50 d e g r e e s ,  and l a n d i n g  s i t e  l a t i t u d e s  of 30 and 50 d e g r e e s ,  assuming an  

optimum l o n g i t u d e  d i s t r i b u t i o n  o f  l a n d i n g  s i t e s .  These p l o t s  i l l u s t r a t e  t h e  

l a r g e  v a i r a t i o n s  i n  c r o s s  range  requ i rements  w i t h  t h e  a l l o w a b l e  d e l a y  t i m e ,  

number of l a n d i n g  s i t e s ,  and l a n d i n g  s i t e  l a t i t u d e .  

S i m i l a r  p l o t s  showing c r o s s r a n g e  requ i rements  f o r  o r b i t  i n c l i n a t i o n s  of 

70 and 90 degrees  a r e  shown i n  F i g u r e s  4-6 and 4-7 .  

For  t h e  nominal requirement  of a  24 hour  r e t u r n  t ime and l a n d i n g  s i t e s  

r e s t r i c t e d  t o  t h e  c o n t i n e n t a l  U.S. ,  t h e  c r o s s r a n g e  requ i rements  a r e  a  f u n c t i o n  

of t h e  number and l o c a t i o n  of t h e  s e l e c t e d  l a n d i n g  s i t e s .  T h i s  v a r i a t i o n  i s  

i l l u s t r a t e d  i n  F i g u r e  4-8.  T h i s  p l o t  shows t h e  c r o s s r a n g e  requ i rements  f o r  

r e t u r n  t o  a  s i n g l e  s i t e  a t  e i t h e r  30 deg o r  50 deg l a t i t u d e ,  o r  t o  v a r i o u s  

3 - s i t e  networks,  f o r  a  range o f  o r b i t  i n c l i n a t i o n s .  Although t h e  c r o s s r a n g e  

maneuver requ i rements  can be minimized by choosing a  r e t u r n  s i t e  l a t i t u d e  

e q u a l  t o  t h e  o r b i t  i n c l i n a t i o n ,  t h i s  i s  n o t  a  f e a s i b l e  d e s i g n  c o n d i t i o n  s i n c e  

a  s m a l l  change i n  i n c l i n a t i o n  would g r e a t l y  i n c r e a s e  t h e  c r o s s r a n g e .  For  t h e  

range  o f  o r b i t  i n c l i n a t i o n s  be ing  cons idered  (50 deg t o  90 d e g ) ,  a  t h r e e - s i t e  

network appears  more r e a l i s t i c .  For t h e s e ,  t h e  maneuver requ i rements  v a r y  

from about  180 na  m i  f o r  s i t e s  a long  t h e  n o r t h e r n  U.S. boundar ies  t o  about  

260 n a  m i  f o r  a  t h r e e - s i t e  network i n  t h e  c a p a b i l i t i e s  of t h e  B a l l i s t i c  and 

M-2 t y p e  v e h i c l e s  a r e  a l s o  i n d i c a t e d .  Th is  shows t h a t  t h e  M-2 can r e a d i l y  

meet a  24 h r  r e t u r n  requirement  t o  any Z I  s i t e .  

The b a l l i s t i c  v e h i c l e ,  however, h a s  o n l y  marg ina l  aerodynamic maneuver 

c a p a b i l i t y .  For t h i s  v e h i c l e ,  24 h r  r e t u r n  t o  t h e  t h r e e - s i t e  network o f  

Edwards, Holloman, and Wendover AFB, can be  a s s u r e d  by performing an  o r b i t  

phas ing  maneuver a s  d i s c u s s e d  below. For r e t u r n  t o  a  s i n g l e  Z I  s i t e ,  t h e  

wors t  c a s e  o c c u r s  f o r  a  p o l a r  o r b i t  and a  30 deg o r  lower l a n d i n g  s i t e  

l a t i t u d e .  For t h i s  c a s e ,  a  550 na  m i  c r o s s r a n g e  i s  needed. Again t h i s  i s  

w i t h i n  t h e  aerodynamic maneuver c a p a b i l i t i e s  of t h e  M2-F2 v e h i c l e  bu t  w e l l  

beyond t h e  range of a  b a l l i s t i c  t y p e  s p a c e c r a f t .  
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Figure 4-5 

LATERAL RANGE REQUIREMENTS 
ORBIT INCLINATION = 50' 

Number of Sites 
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Figure 4-6 

LATERAL RANGE REQUIREMENTS 

Number of Sites 
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Figure 4-7 

LATERAL RANGE REQUIREMENTS 
ORBIT INCLINATION = 90' 

Number of Sites 
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F i g u r e  4-8 

CROSS RANGE REQUIRED FOR 24 HOUR RETURN 

ORBIT ALTITUDE = 300 NA MI 

- - - - Three Landing Sites 
(P-Paine Field, S-Sawyer AFB, L-Lorine AFB) 

(E-Edwards AFB, W-Wendover AFB, H-Holloman AFB) 

Orbit Inclination - Degree 
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A d d i t i o n a l  d i s c u s s i o n  of t h e  recovery  requ i rements  i s  inc luded  i n  

Volume 11, Book 2 a s  p a r t  of t h e  l a n d i n g  s i t e  s e l e c t i o n  i n  t h e  a n a l y s i s  of 

o p e r a t i o n s  and s u p p o r t .  

4 . 5 . 2  - When t h e  e n t r y  c r o s s r a n g e  r e q u i r e d  

exceeds  t h e  b a l l i s t i c  v e h i c l e  r a n g i n g  c a p a b i l i t y ,  a  p r o p u l s i v e  maneuver i s  

r e q u i r e d  t o  r e a c h  t h e  l a n d i n g  s i t e .  A p l a n e  change maneuver can supp ly  t h e  

range  r e q u i r e d  w i t h i n  one o r b i t a l  r e v o l u t i o n ,  bu t  r e q u i r e s  a  l a r g e  AV expendi-  

t u r e .  I f  s u f f i c i e n t  t i m e  i s  a v a i l a b l e  (up t o  24 h o u r s ) ,  a  phasing maneuver 

i s  more e f f i c i e n t .  I n  performing t h i s  maneuver, t h e  s p a c e c r a f t  i s  t r a n s f e r r e d  

i n t o  a n  e l l i p t i c a l  o r b i t  by e i t h e r  r a i s i n g  t h e  apogee o r  lowering t h e  p e r i g e e .  

T h i s  changes  t h e  p e r i o d  and s h i f t s  t h e  o r b i t a l  ground t r a c k s  r e l a t i v e  t o  

t h o s e  of t h e  c i r c u l a r  o r b i t .  A w e s t e r l y  s h i f t  i s  accomplished by r a i s i n g  t h e  

apogee and an  e a s t e r l y  s h i f t  i s  accomplished by lower ing  t h e  p e r i g e e .  S i n c e  

a  p e r i g e e  o f  100  na  m i  i s  about  t h e  lowest  f e a s i b l e  l i m i t ,  t h e  e a s t e r l y  s h i f t  

a t t a i n a b l e  i s  n o t  a s  g r e a t  a s  t h e  w e s t e r l y .  

The AV r e q u i r e d  t o  s h i f t  t h e  o r b i t  t r a c k  a  g iven  number of d e g r e e s  

e a s t e r l y  o r  w e s t e r l y  i s  shown i n  F i g u r e  4-9 and i n d i c a t e s  t h e  d e c r e a s i n g  A V  

requ i rement  a s  t h e  a l l o w a b l e  number of phas ing  o r b i t s  i n c r e a s e s .  The c o r r e -  

sponding apogee a l t i t u d e  is a l s o  i n d i c a t e d .  The d a t a  shown i n d i c a t e s  t h a t  

f o r  s h o r t  a l l o w a b l e  phas ing  t i m e s ,  t h e  maneuver i s  performed p r i m a r i l y  by 

r a i s i n g  t h e  apogee,  s i n c e  t h e  100 n a  m i  p e r i g e e  l i m i t  r e s t r i c t s  t h e  e a s t e r l y  

s h i f t  a v a i l a b l e .  Because of t h i s  l i m i t ,  t h e  most a d v e r s e  l a n d i n g  s i t e  l o c a t i o n  

i s  n o t  n e c e s s a r i l y  midway between s u c c e s s i v e  ground t r a c k s .  

T h i s  i s  more c l e a r l y  i l l u s t r a t e d  i n  F i g u r e  4-10. For  a  300 na m i  o r b i t ,  

t h e  d i s t a n c e  between s u c c e s s i v e  ground t r a c k s  i s  24 d e g r e e s  o f  l o n g i t u d e .  I f  

t h e  l a n d i n g  s i t e  were midway between them and 1 6  phas ing  o r b i t s  were a l lowed ,  

t h e  s i t e  cou ld  b e  reached  by s h i f t i n g  e i t h e r  12 d e g r e e s  e a s t e r l y  o r  1 2  deg 

w e s t e r l y .  (AV r e q u i r e d  would be  s l i g h t l y  lower f o r  a  w e s t e r l y  s h i f t ,  however.) 

A s  shown by t h e  p l o t ,  t h e  most a d v e r s e  l a n d i n g  s i t e  ( r e q u i r i n g  t h e  l a r g e s t  

p h a s i n g  AV) would b e  about  112 d e g r e e  west  of t h i s  p o i n t .  However, i f  o n l y  

e i g h t  phas ing  o r b i t s  a r e  a l lowed ,  t h e  e a s t e r l y  s h i f t  i s  l i m i t e d  t o  7 . 7  d e g r e e s  

due t o  t h e  100  na  m i  l i m i t  on p e r i g e e  a l t i t u d e .  Landing s i t e s  e a s t  of t h i s  

p o i n t  would r e q u i r e  a  w e s t e r l y  o r b i t  t r a c k  s h i f t .  I n  t h i s  c a s e ,  t h e  most 

a d v e r s e  s i t e  would be  j u s t  e a s t  of t h e  e a s t e r l y  s h i f t  c a p a b i l i t y ,  t h u s  
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r e q u i r i n g  a  w e s t e r l y  s h i f t  of  about  1 6 . 2  d e g r e e s .  The v a r i a t i o n  of t h e  more 

a d v e r s e  l a n d i n g  s i t e  l o c a t i o n  w i t h  t h e  number o f  a l l o w a b l e  phas ing  o r b i t s  i s  

i n d i c a t e d ,  A s  t h e  a l l o w a b l e  phas ing  t ime  i n c r e a s e s ,  t h e  most a d v e r s e  l a n d i n g  

s i t e  l o c a t i o n  moves toward t h e  c e n t e r  o f  s u c c e s s i v e  ground t r a c k s ,  and t h e  

A V  r e q u i r e d  t o  r a i s e  t h e  apogee approaches  t h a t  r e q u i r e d  t o  lower p e r i g e e .  

The maximum A V  r e q u i r e d  t o  r e a c h  t h e  most a d v e r s e  l a n d i n g  s i t e  l o c a t i o n  

from a n  i n i t i a l  300 na  m i  o r b i t  i s  shown i n  F i g u r e  4-11 a s  a  f u n c t i o n  of 

phas ing  t ime.  For  24 hour  r e t u r n ,  t h e  maximum AV r e q u i r e d  i s  s e e n  t o  be  

280 f t / s e c  and t h e  maximum apogee d u r i n g  phasing is 480 na m i .  For t h e  

t h r e e - s i t e  r e c o v e r y  network,  t h i s  requirement  could  be  f u r t h e r  reduced.  

4 .5 .3  Emergency Return - For a  normal l o g i s t i c s  m i s s i o n ,  a n  a l l o w a b l e  

r e t u r n  t ime of 24 h o u r s  i s  a  r e a l i s t i c  requirement  t h a t  p r o v i d e s  r e t u r n  

c a p a b i l i t y  t o  a  s i n g l e  Z I  l a n d i n g  s i t e  w i t h  r e l a t i v e l y  s m a l l  A V  e x p e n d i t u r e s .  

Emergency c o n d i t i o n s ,  however, may n e c e s s i t a t e  e n t r y  w i t h  a  much s h o r t e r  

w a i t i n g  t ime.  A s  shown i n  F i g u r e s  4-5 t o  4-7, t h e  c r o s s r a n g e  requ i rements  

i n c r e a s e  r a p i d l y  a s  t h e  number of a l l o w a b l e  w a i t i n g  o r b i t s  d e c r e a s e .  Also ,  a s  

shown above,  t h e  o r b i t  phasing maneuver becomes more s e v e r e  a s  t h e  w a i t i n g  

t ime  d e c r e a s e s  and becomes u n f e a s i b l e  f o r  immediate r e t u r n .  For  q u i c k  r e t u r n s ,  

t h e  c r o s s r a n g e  i s  o b t a i n e d  by performing an  o r b i t a l  p l a n e  change. 

T h i s  r e q u i r e s  l a r g e e n e r g y  e x p e n d i t u r e s  s i n c e  each d e g r e e  of p l a n e  change 

p r o v i d e s  o n l y  60 n a  m i  of c r o s s r a n g e  and r e q u i r e s  about  450 f t / s e c  of A V .  

For  emergency r e t u r n  t h e  t r ade-of f  t h e n  i s  between i n c r e a s i n g  AV r e q u i r e -  

ments and i n c r e a s e d  number of l a n d i n g  s i t e s .  Th i s  i s  shown i n  F i g u r e s  4-12 

and 4-13, F i g u r e  4-12 shows t h i s  r e l a t i o n s h i p  f o r  t h e  b a l l i s t i c  v e h i c l e  a s  a  

f u n c t i o n  of b o t h  t h e  o r b i t  i n c l i n a t i o n  and l a n d i n g  s i t e  l a t i t u d e .  Landing 

s i t e s  were assumed t o  b e  o p t i m a l l y  d i s t r i b u t e d  i n  l o n g i t u d e .  I n  d e r i v i n g  t h i s  

p l o t ,  a  -3craerodynamic maneuver c a p a b i l i t y  of 150 na  m i  was assumed f o r  t h e  

b a l l i s t i c  s p a c e c r a f t  and t h e  AV requ i rements  shown a r e  f o r  c r o s s r a n g e  d i s t a n c e s  

i n  e x c e s s  of t h i s  c a p a b i l i t y ,  For t h e  nominal f i f t y  d e g r e e  o r b i t  i n c l i n a t i o n  

and f o u r  l a n d i n g  s i t e s  a t  f i f t y  d e g r e e  l a t i t u d e ,  over  1100 f t / s e c  AV i s  needed 

f o r  immediate r e t u r n ,  T h i s  requirement  i n c r e a s e s  r a p i d l y  f o r  lower l a t i t u d e  

s i t e s  o r  f o r  h i g h e r  i n c l i n a t i o n  o r b i t s .  
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ORBIT PHASING MANEUVER AV REQUIRED 

300 NA MI STATION ALTITUDE 
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PLANE CHANGE A V  REQUIREMENT Figure 4-12 

B a l l i s t i c  Type Spacecraft 

-3u Lateral Range Capabi l i ty= 150 Na Mi 

Number of  Landing Sites 
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Figure 4-13 

PLANE CHANGE AV REQUIREMENT 
FOR 2 HOUR R E T U R N  CAPABILITY 

M2-F2 Type Spacecraft 
-3u Lateral Range Capabi l i ty= 600 Na Mi 

Number of Landing Sites 



VOLUME I1 
BOOK 1 

OPTIMIZED COST/PERFORMANCE 

DESIGN METHODOLOGY 
REPORT NO. G975 

15 A P R I L  1969 

S i m i l a r  d a t a  i s  shown i n  F i g u r e  4-13 f o r  t h e  M2-F2 c o n f i g u r a t i o n .  For  

t h i s  s p a c e c r a f t ,  a  -30 aerodynamic maneuver c a p a b i l i t y  o f  600 na m i  was 

assumed. The AV needed was f o r  c r o s s r a n g e  requ i rements  i n  e x c e s s  of t h i s  

c a p a b i l i t y .  Nominal and -30 c r o s s r a n g e  c a p a b i l i t i e s  as a  f u n c t i o n  o f  t h e  

hyperson ic  l i f t  t o  d r a g  r a t i o  (LID) a r e  shown i n  F i g u r e  4-14. 

The r e t u r n  AV requ i rements  a s  a  f u n c t i o n  of t h e  p r o p u l s i v e l y  provided 

c r o s s r a n g e  a r e  summarized i n  F i g u r e  4-15. It was assumed t h a t  a  phasing 

maneuver i s  used f o r  r e t u r n s  a f t e r  t h r e e  o r  more w a i t i n g  o r b i t s  and a  propul-  

s i v e  p l a n e  change f o r  immediate r e t u r n s .  L a t e r a l  r ange  shown i s  o n l y  t h a t  i n  

e x c e s s  of t h e  aerodynamic maneuver c a p a b i l i t y .  

4 . 6  Re-Entry - A f t e r  complet ing t h e  r e t r o g r a d e  maneuver, t h e  s p a c e c r a f t  

i s  s e p a r a t e d  from t h e  p r o p u l s i o n  module and o r i e n t e d  t o  t h e  e n t r y  a t t i t u d e .  

O p e r a t i o n a l  p rocedures  d u r i n g  t h i s  phase a r e  shown i n  Tab le  4-6. 

To d e f i n e  t h e  d e s i g n  e n t r y  environment,  e n t r y  t r a j e c t o r i e s  have been 

computed f o r  each t y p e  v e h i c l e .  En t ry  t ime  h i s t o r i e s  were c a l c u l a t e d  u s i n g  

t h e  p o i n t  mass o p t i o n  of t h e  Genera l i zed  Six-Degree-of-Freedom computer program 

and were r u n  f o r  a  range  of pa ramete rs  b r a c k e t i n g  t h e  nominal e n t r y  c o n d i t i o n s .  

These a r e  summarized a s  f o l l o w s :  

Type Vehic le  

B a l l i s t i c  

L i f t  
Condi t ions  

Max L /D  
II 

Max CL 
I I 

E n t r y  
Angle 

Bank 
Angle 

sha l low (-1.0 deg)  0  
s t e e p  (-2.5 deg)  4  5  
sha l low (-1.0 deg)  0 

s t e e p  (-2.5 deg)  4 5  

sha l low (-1.0 deg)  0  
s t e e p  (-2.5 deg)  0  
s t e e p  (-2.5 deg)  4 5  
sha l low (-1.0 deg)  0  
s t e e p  (-2.5) 4 5  
sha l low (-1.0 deg)  0 
s t e e p  (-2.5 deg)  0  

The v e l o c i t y - a l t i t u d e  h i s t o r i e s  a r e  summarized i n  F i g u r e s  4-16 th rough  

4-18 and i n d i c a t e  t h e  t r a j e c t o r y  boundar ies  f o r  t h e  g iven  v e h i c l e .  E n t r i e s  

from any o t h e r  c o n d i t i o n s  w i l l  be w i t h i n  t h e  f l i g h t  p a t h  boundar ies  shown, 

excep t  f o r  h i g h  a l t i t u d e  a b o r t  e n t r i e s  a s  d i s c u s s e d  below. T r a j e c t o r i e s  
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RETURN I V  REQUIREMENTS 
FROM 300 N A  MI ORBIT 

111.1.1-..1... Return Within One Orbit - Plane Change 

Figure 4-15 
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TABLE 4-6 

MISSION REQUIREMENTS AND CHARACTERISTICS 

RE-ENTRY PHASE 

See  F i g u r e s  4-16 t o  4-18 

S e p a r a t e  f rom 
P r o p u l s i o n  Module 

O r i e n t  t o  E n t r y  B a l l i s t i c  = 20 deg  
M2-F2 = 11 deg  

+ P e r f o r m  P u l l o u t  Modula te  Bank Angle  

P e r f o r m  Aerodynamic B a l l i s t i c  - Bank 
Ranging  Maneuvers 

M2-F2 - Bank and P i t c h  

A t t i t u d e  C o n t r o l  Angular  A c c e l e r a t i o n  
Dur ing  E n t r y  (Min) B a l l i s t i c  S/C = 

5.0 d e g / s e c / s e c  
M2-F2 = 2 . 0  d e g / s e c / s e c  
T o t a l  Impu l se  t o  s / C  
Weight R a t i o  = 1 . 4  s e c  

+ T e r m i n a l  Approach S e l e c t e d  Runway 
Maneuvers t o  High 

F o r  modular  v e h i c l e  o n l y  
+ L i f t i n g  Body S p a c e c r a f t  o n l y  - 
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ENTRY TRAJECTORY BOUNDARIES Figure 4-16 
l n c l l n a t l o n  90' W S -  7 2  Lb ~ t '  

M2-F2 CONFlGLdRATlOPl 

4 6 8 10 12  14 16 18 20 22 24 26 28 

E a i t h  Re fe renced  V e l o c ~ t v  - 1000 Ft 'Sec 

2 3 4 5 6 7 t 
Ear th  Referenced V e l o c ~ t y  - Km Sec 

F igure 4-17 
ENTRY TRAJECTORY BOUNDARIES - BALL IST IC  CONFIGURATION 

INCLINATION - 90' L D -  5 W 5 - 63.5 L B  F T ~  

Ed1111 R r f p i e ~ ~ c e d  V i l i l c i t , ~  - 10CO F i  Sec 
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Figure  4-18 

ENTRY TRAJECTORY BOUNDARIES BALLISTIC CONFlGURATlON 
L/D = . 2  

shown r e p r e s e n t  e n t r i e s  from a  300 na  m i  a l t i t u d e  p o l a r  o r b i t .  E n t r i e s  from 

lower i n c l i n a t i o n  o r b i t s  w i l l  have l e s s  s e v e r e  i n i t i a l  e n t r y  c o n d i t i o n s .  

T r a i e c t o r i e s  f o r  t h e  M2-F2 a r e  shown i n  F i g u r e  4-16. For t h e s e  e n t r i e s ,  
d 

bank modula t ion  immediately a f t e r  complet ion of t h e  e n t r y  p u l l o u t  was used t o  

n r e v e n t  s k i p .  A s  t h e  s p a c e c r a f t  d e c e l e r a t e s ,  bank a n g l e  i s  g r a d u a l l y  decreased  r 

u n t i l  r e a c h i n g  t h e  v a l u e  d e s i r e d  f o r  t h e  c r o s s r a n g e  maneuver (45 d e g r e e s  f o r  

maximum c r o s s r a n g e ) ,  T h i s  r o l l  modulat ion produces  t h e  c o n s t a n t  a l t i t u d e  

phase  shown immediately a f t e r  p u l l o u t .  
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T r a j e c t o r i e s  a r e  shown i n  F i g u r e  4-17 f o r  an  L/D = 0 . 5  b a l l i s t i c  v e h i c l e .  

For  t h e s e  s p a c e c r a f t  r o l l  modulat ion a t  p u l l o u t  i s  n o t  used.  T h i s  r e s u l t s  i n  

a  s k i p p i n g  motion f o r  t h e  maximum LID c o n d i t i o n s .  T r a j e c t o r i e s  a r e  a l s o  

shown f o r  a  ze ro  l i f t  e n t r y ,  a t t a i n e d  by performing a  s t e a d y  r o l l  t o  c a n c e l  

o u t  t h e  r e s u l t a n t  l i f t  v e c t o r .  Both t h e  maximum l i f t  and zero' l i f t  e n t r i e s  

a r e  shown f o r  b o t h  s t e e p  and sha l low i n i t i a l  e n t r y  a n g l e s .  

The e n t r i e s  of a  b a l l i s t i c  s p a c e c r a f t  having a n  L/D = 0.2  a r e  shown i n  

F i g u r e  4-18. T r a j e c t o r i e s  a r e  shown o n l y  f o r  t h e  maximum L/D c o n d i t i o n .  Zero 

l i f t  e n t r i e s  a r e  s i m i l a r  t o  t h o s e  f o r  t h e  LID = . 5  b a l l i s t i c  s p a c e c r a f t .  

Abort E n t r i e s  - I f  a n  a b o r t  o c c u r s  d u r i n g  l a u n c h ,  t h e  s p a c e c r a f t  must 

perform an  e n t r y  from i n i t i a l  c o n d i t i o n s  t h a t  impose s u b s t a n t i a l l y  h i g h e r  

l o a d s  and h e a t i n g .  The h i g h  h e a t i n g  environment i s  of r e l a t i v e l y  s h o r t  dura-  

t i o n  and does  no t  c r i t i c a l l y  a f f e c t  an a b l a t i v e l y  cooled v e h i c l e  d e s i g n .  The 

maximum e n t r y  load  f a c t o r ,  however, can g r e a t l y  exceed t h a t  f o r  a  normal 

e n t r y .  Th is  i s  shown i n  F i g u r e  4-19. Contours of c o n s t a n t  maximum load  

f a c t o r  d u r i n g  e n t r y  of a n  L/D = 0.2  b a l l i s t i c  v e h i c l e  a r e  shown superimposed 

on s e v e r a l  r e p r e s e n t a t i v e  l aunch  t r a j e c t o r i e s .  Each p o i n t  on t h e  boundar ies  

shown r e p r e s e n t s  t h e  maximum load  f a c t o r  a t t a i n e d  d u r i n g  a n  e n t r y  from an  

apogee a t  t h a t  p o i n t .  I n  t h e  h igh  a l t i t u d e  p o r t i o n s  of t h e  boos t  t r a j e c t o r i e s ,  

t h e  apogee of t h e  a b o r t  w i l l  n e a r l y  c o i n c i d e w i t h t h e  boost  t r a j e c t o r y .  For 

a b o r t s  from launch  t r a j e c t o r i e s  i n j e c t i n g  t o  a  100 na  m i  o r b i t ,  maximum 

recovery  load  f a c t o r s  of 14 t o  16 g ' s  can be imposed on a  b a l l i s t i c  v e h i c l e .  

However, f o r  l i f t i n g  v e h i c l e s  t h e  load f a c t o r s  a r e  l e s s  s e v e r e .  They can  be 

f u r t h e r  a l l e v i a t e d  by modulat ing t h e  ang le -of -a t t ack  d u r i n g  t h e  r e c o v e r y  p u l l -  

o u t .  Naximum load  f a c t o r s  of 7 t o  8 g  can be a t t a i n e d  f o r  t h e  M2-F2 a f t e r  

a b o r t  from a  S a t u r n  l aunch  v e h i c l e  i n j e c t i n g  t o  a  100 na m i  pa rk ing  o r b i t .  

4 .7  - A f t e r  complet ing t h e  e n t r y  maneuvers,  t h e  r e u s a b l e  space-  

c r a f t  must be c a p a b l e  of a  l and  recovery  a s  t h e  pr imary mode. I n  a d d i t i o n ,  i n  

t h e  even t  of an a b o r t  d u r i n g  l a u n c h ,  a  s u i t a b l e  l a n d i n g  s i t e  may n o t  b e  a v a i l -  

a b l e  and p r o v i ~ i o n  f o r  w a t e r  l a n d i n g s  a r e  n e c e s s a r y .  I n  t h i s  s t u d y ,  t h r e e  

general .  concep t s  of r ecovery  a r e  used.  These a r e  summarized below: 
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HIGH ALTITUDE ABORT 

MAXIMUM ENTRY LOAD FACTOR 
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TABLE 4-7 
RECOVERY CONCEPTS 

Modular  B a l l i s t i c  Redundant  S a i l w i n g  
(60  d e g  cone )  

I n t e g r a l  B a l l i s t i c  3 C l u s t e r e d  R i n g s a i l s  
(40 deg  cone )  p l u s  Re t ro -Rocke t s  

Runway Landing  

No tes :  

1. Back-up n o t  needed.  I f  one  c h u t e  f a i l s ,  t h e  r e m a i n i n g  two i n  c l u s t e r  w i l l  
s a t i s f y  emergency d e s c e n t  c o n d i t i o n s .  

2. E n t i r e  s p a c e c r a f t  r e c o v e r e d  f o r  modular  v e h i c l e .  Escape  c a p s u l e  u s e d  f o r  
l a r g e  i n t e g r a l  v e h i c l e s .  

4 . 7 . 1  B a l l i s t i c  S p a c e c r a f t  - F o r  l a n d  l a n d i n g s  o f  a b a l l i s t i c  s p a c e c r a f t ,  

a l i f t i n g  c h u t e  p r o v i d e s  a d v a n t a g e s  o f  e n t r y  d i s p e r s i o n  c o r r e c t i o n ,  wind d r i f t  

c a n c e l l a t i o n ,  and o b s t a c l e  a v o i d a n c e .  S e v e r a l  such  c h u t e s  a r e  b e i n g  d e v e l o p e d  

f o r  s p a c e c r a f t  i n  t h e  1 5 , 0 0 0  pound c l a s s .  I n c l u d e d  a r e  t h e  s a i l w i n g ,  t h e  p a r a -  

g l i d e r ,  and t h e  p a r a f o i l ;  a l l  h a v i n g  l i f t  t o  d r a g  r a t i o s  g r e a t e r  t h a n  2 .  The 

s a i l w i n g  was s e l e c t e d  f o r  t h e  modular  b a l l i s t i c  v e h i c l e s  w i t h  a n  i d e n t i c a l  

sys t em as a  back-up. E s t i m a t e d  w e i g h t s  a r e  shown i n  F i g u r e  4-20. The  w e i g h t s  

shown i n c l u d e  b o t h  t h e  p r i m a r y  and back-up s a i l w i n g s  b u t  do  n o t  i n c l u d e  t h e  

c o n t r o l  s y s t e m s .  F i g u r e  4-20 a l s o  p r e s e n t s  t h e  w e i g h t s  o f  t h e  d r o g u e  p a r a -  

c h u t e s  r e q u i r e d  t o  r e d u c e  t h e  dynamic p r e s s u r e  t o  t h e  l e v e l  f o r  s a i l w i n g  

deployment .  T h i s  we igh t  a l s o  i n c l u d e s  b o t h  t h e  p r imary  and back-up d r o g u e s  

which a r e  dep loyed  s i m u l t a n e o u s l y .  

The s a i l w i n g  r e q u i r e s  s e v e r a l  r e e f i n g  s t a g e s  d u r i n g  deployment t o  p r e v e n t  

e x c e s s i v e  l i n e  and canopy l o a d i n g s .  The r e e f i n g  l i n e s  and c u t t e r s  a r e  i n c l u d e d  

i n  t h e  w e i g h t s  shown. 

F o r  t h e  l a r g e  i n t e g r a l  b a l l i s t i c  c o n f i g u r a t i o n s ,  h a v i n g  l a n d i n g  w e i g h t s  

t o  a p p r o x i m a t e l y  200,000 l b ,  u s e  o f  a  l i f t i n g  c h u t e  becomes u n f e a s i b l e .  The 

sys t em s e l e c t e d  i s  a  c l u s t e r  o f  t h r e e  r i n g s a i l  c h u t e s ,  s i m i l a r  t o  t h e  A p o l l o  

sys tem.  The s i z e  o f  e a c h  c h u t e  i n  t h e  c l u s t e r  is 
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1 0 0  f t  d i a m e t e r .  Us ing  a c l u s t e r  f a c t o r  o f  0 . 8 6 ,  t h e  maximum l a n d i n g  w e i g h t  

w i t h  a  s e a  l e v e l  ra te  o f  d e s c e n t  o f  20 f t / s e c  i s  a b o u t  6700 l b .  S i n c e  a l l  o f  

t h e  l a r g e  b a l l i s t i c  v e h i c l e s  a r e  h e a v i e r  t h a n  t h i s ,  a l a n d i n g  r e t r o - r o c k e t  

s y s t e m  i s  used  t o  r e d u c e  t h e  touchdown v e l o c i t y  t o  t h e  d e s i g n  v a l u e  of  

20 f t l s e c .  

The t e r m i n a l  r a t e  o f  d e s c e n t  c o r r e s p o n d i n g  t o  t h e  s e l e c t e d  p a r a c h u t e  

s i z e s  a re  shown i n  F i g u r e  4-21. The d i f f e r e n c e  be tween t h e  d e s c e n t  rate 

shown and 20 f t l s e c  r e p r e s e n t s  t h e  v e l o c i t y  t h a t  must  be  a r r e s t e d  w i t h  t h e  

r e t r o - r o c k e t  sys t em.  No r edundan t  back-up c h u t e  i s  p r o v i d e d .  I f  o n e  c h u t e  

i n  t h e  c l u s t e r  f a i l s  t o  open ,  t h e  r e m a i n i n g  two c h u t e s  w i l l  p r o v i d e  a  some- 

what h i g h e r  r a t e  o f  d e s c e n t  as shown by t h e  d a s h e d  c u r v e  of  F i g u r e  4-21. 

With  t h e  r e l a t i v e l y  low a r e a  l o a d i n g s  o f  t h e  l a r g e  b a l l i s t i c  s p a c e c r a f t ,  

t h e  dynamic p r e s s u r e s  a t  main c h u t e  deployment  w i l l  n o r m a l l y  b e  low enough 

t o  p e r m i t  d i r e c t  deployment  w i t h o u t  a  d r o g u e .  However, t o  e n s u r e  s a t i s f a c t o r y  

s t a b i l i t y  and v e h i c l e  o r i e n t a t i o n  a t  c h u t e  deployment  i f  t h e  r e a c t i o n  c o n t r o l  

sys t em f a i l s ,  a  d r o g u e  sys t em i s  n e c e s s a r y .  A c o n i c a l  r i b b o n  d r o g u e  p a r a c h u t e  

hav ing  a  d i a m e t e r  a b o u t  1 . 2 5  t h a t  o f  t h e  h e a t  s h i e l d  d i a m e t e r  i s  a d e q u a t e .  An 

i d e n t i c a l  c h u t e ,  dep loyed  s i m u l t a n e o u s l y ,  p r o v i d e s  redundancy.  

4 . 7 . 2  - The M2-F2 l i f t i n g  body v e h i c l e s  c a n  

pe r fo rm a c o n v e n t i o n a l  runway l a n d i n g ,  t h e i r  p r i m a r y  r e c o v e r y  mode. To a b o r t  

o v e r  w a t e r  o r  where  a s u i t a b l e  l a n d i n g  s i t e  c a n n o t  b e  r e a c h e d ,  a p a r a c h u t e  

r e c o v e r y  sys t em i s  needed .  With t h e  s m a l l  modular  v e h i c l e s ,  t h e  e n t i r e  space -  

c r a f t  i s  r e c o v e r e d  w h i l e  a  s e p a r a t e  c rew e s c a p e  module i s  u t i l i z e d  w i t h  t h e  

l a r g e  i n t e g r a l  v e h i c l e s .  Fo r  a n  emergency r e c o v e r y  sys t em comprised  o f  a  

c l u s t e r  o f  t h r e e  r i n g s a i l  p a r a c h u t e s  d e s i g n e d  f o r  a  v e r t i c a l  v e l o c i t y  o f  

30 f t / s e c ,  t h e  c h u t e  s i z e  r e q u i r e d  i s  a s  shown i n  F i g u r e  4-22. 

F l i g h t  t e s t s  o f  t h e  M2-F2 v e h i c l e s  have  i n d i c a t e d  a maximum L/D d u r i n g  

a p p r o a c h  and l a n d i n g  o f  3 .1 .  With t h i s  v a l u e  a  l a n d i n g  c a n  be  e x e c u t e d  wi th -  

o u t  power. The l a n d i n g  speed  i s  s h o ~ m  i n  F i g u r e  4-23 a s  a  f u n c t i o n  o f  t h e  
L 

a r e a  l o a d i n g  W/S. F o r  t h e  c u r r e n t  r a n g e  o f  a r e a  l o a d i n g s  of  32 t o  80 l b / f t  , 
t h e  r e s p e c t i v e  l a n d i n g  speed  w i l l  v a r y  f rom 157  t o  249 k n o t s .  
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M2-F2 LANDING SPEED 
Figure 4-23 

Area Loadlng - W/S - ~ b / ~ t ~  

1500 2000 2500 3000 3500 

Area Loadlng - W / S  - N 'Pd2 

I f  t h e  p i l o t  mis judges  h i s  approach and undershoo ts  t h e  runway, l a n d i n g  

a s s i s t  r o c k e t s  w i l l  p r o v i d e  " g l i d e  s t r e t c h "  c a p a b i l i t y .  A system having a  

t h r u s t  t o  weight r a t i o  of . 2 5  and a  burn t i m e  of 1 5  seconds  a p p e a r s  a d e q u a t e  

and p r o v i d e s  a  range i n c r e a s e  of s l i g h t l y  o v e r  0 . 5  na m i ,  s i m i l a r  t o  t h a t  of 

t h e  M2-F2 and HL-10 f l i g h t  t e s t  v e h i c l e s .  

Although an  LID of  3 . 1  i s  adequate  f o r  l a n d i n g s  under  f a v o r a b l e  c o n d i t i o n s ,  

an  LID of  6 o r  g r e a t e r  and go-around c a p a b i l i t y  i s  g e n e r a l l y  p r e f e r r e d  f o r  

o p e r a t i o n a l  s p a c e c r a f t ,  e s p e c i a l l y  a f t e r  extended p e r i o d s  of w e i g h t l e s s n e s s .  

An e f f e c t i v e  LID of  6  could  be  provided by i n s t a l l i n g  a n  a s s i s t  r o c k e t  having 

a  t h r u s t  t o  weight r a t i o  of about 0.1.6. A minimum o p e r a t i n g  t ime  of abou t  

one minu te ,  (from p r i o r  t o  f l a r e  i n i t i a t i o n  u n t i l  touchdown) i s  needed. 

Go-around c a p a b i l i t y  r e q u i r e s  more t h a n  an  o r d e r  of magnitude i n c r e a s e  

i n  p r o p u l s i v e  c a p a c i t y  and i s  more e f f i c i e n t l y  accomplished w i t h  a i r  b r e a t h i n g  

eng ines .  However, t h e s e  c a p a b i l i t i e s  were no t  c o n s i d e r e d  f o r  t h i s  s t u d y .  
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5 .  SPACECRAFT CHARACTERISTICS - The e n t r y  s p a c e c r a f t  of t h i s  s t u d y  com- 

p r i s e  b o t h  modular and i n t e g r a l  r e u s a b l e  v e h i c l e s  c o v e r i n g  a  wide range  of 

s i z e s .  The modular v e h i c l e s  were r e l a t i v e l y  s m a l l ,  s i z e d  on ly  t o  accommodate 

t h e  crew, s u p p o r t  equipment,and a  s m a l l  amount o f  r e t u r n  ca rgo .  The 

i n t e g r a l  v e h i c l e s  were  s i z e d  f o r  a  range of c a r g o  w e i g h t s  v a r y i n g  from 20,000 l b  

t o  over  200,000 l b ,  c a r r i e d  i n t e r n a l l y  i n  t h e  e n t r y  v e h i c l e .  The s p a c e c r a f t  

c h a r a c t e r i s t i c s  a r e  d i s c u s s e d  accord ing  t o  t h e  e n t r y  v e h i c l e  t y p e ,  t h e - r e u s e  

c a t e g o r y ,  and some s p e c i a l  s t u d i e s .  

5 . 1  E n t r y  V e h i c l e  Types - Two b a s i c  t y p e s  of e n t r y  c o n f i g u r a t i o n s  were  

c o n s i d e r e d ;  a  b a l l i s t i c  c a p s u l e  shape s i m i l a r  t o  Apol lo ,  and a  l i f t i n g  body. 

Two v a r i a t i o n s  of t h e  b a l l i s t i c  c a p s u l e  were used .  For  t h e  s m a l l ,  modular 

e n t r y  v e h i c l e s ,  a  c a p s u l e  having a  60 degree  cone a n g l e  a t  t h e  apex was s e l e c t -  

e d .  The l a r g e  i n t e g r a l  v e h i c l e s  u t i l i z e d  a  40 degree  cone d e s i g n  because  of 

t h e  l a r g e r  volume r e q u i r e m e n t s .  These v e h i c l e s  can have a  hyperson ic  LID 

d u r i n g  e n t r y  from z e r o  t o  over  0 . 5 .  Th i s  l i m i t e d  L/D c a p a b i l i t y  p r o v i d e s  

s u f f i c i e n t  c r o s s r a n g e  and downrange maneuver c a p a b i l i t y  t o  c o r r e c t  e n t r y  

d i s p e r s i o n s .  However, i t  i s  n o t  adequate  t o  e n s u r e  once-a-day r e t u r n  capa- 

b i l i t y  t o  a  s e l e c t e d  l a n d i n g  s i t e  u n l e s s  an  o r b i t  phas ing  maneuver i s  used .  

(See S e c t i o n  4 .5) .  

For t h e  l i f t i n g  body e n t r y  v e h i c l e s ,  t h e  M2-F2 c o n f i g u r a t i o n  was s e l e c t -  

e d .  Th is  s p a c e c r a f t  h a s  a  hyperson ic  L/D of 1.1, s u f f i c i e n t  t o  p r o v i d e  once- 

a-day r e t u r n  w i t h o u t  o r b i t  phas ing .  

5 . 1 . 1  B a l l i s t i c  V e h i c l e  - The b a l l i s t i c  v e h i c l e  a c h i e v e s  l i f t  by 

p o s i t i o n i n g  t h e  c e n t e r  of g r a v i t y  o f f  t h e  l o n g i t u d i n a l  a x i s .  Th i s  induces  

a n  ang le -of -a t t ack  and r o t a t e s  t h e  r e s u l t a n t  f o r c e  v e c t o r  t o  produce a  l i f t  

component. The magni tude of t h e  l i f t  f o r c e  and t h e  r e s u l t i n g  l i f t - t o - d r a g  

r a t i o  v a r i e s  d i r e c t l y  w i t h  t h e  ang le -of -a t t ack  and depends on t h e  c . g .  o f f -  

s e t  a t t a i n a b l e  and t h e  c o n s t r a i n t s  imposed on t h e  a l l o w a b l e  ang le -of -a t t ack .  

An ang le -of -a t t ack  g r e a t e r  t h a n  h a l f  t h e  cone a n g l e  is g e n e r a l l y  u n d e s i r a b l e  

s i n c e  i t  exposes  t h e  a f t e r  body t o  a  s e v e r e  h e a t i n g  environment.  The p r imary  

parameter  a f f e c t i n g  t h e  v a r i a t i o n  of l i f t  c o e f f i c i e n t  and L/D w i t h  angle-of-  

a t t a c k  i s  t h e  hea t - sh ie ld - rad ius - to -d iamete r  r a t i o .  (This  i s  t h e  r a t i o  o f  

h e a t  s h i e l d  r a d i u s  of c u r v a t u r e  t o  t h e  p r o j e c t e d  d iamete r  of t h e  h e a t  s h i e l d . )  
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These v a l u e s  f o r  t h e  40 degree  and 60 degree  cone b a l l i s t i c  s p a c e c r a f t  a r e  

1 .45 and 1 .60 ,  r e s p e c t i v e l y ,  compared t o  about  1 .20  f o r  t h e  Apollo conf igura -  

t i o n ,  r e s u l t i n g  i n  a  f l a t t e r  h e a t  s h i e l d .  The pr imary e f f e c t  of t h e  f l a t t e r  

h e a t  s h i e l d  i s  a  h i g h e r  h y p e r s o n i c  L/D a t  a  g iven t r i m  ang le -of -a t t ack .  The 

f l a t t e r  h e a t  s h i e l d  a l s o  r e s u l t s  i n  l e s s  c . g .  o f f s e t  r e q u i r e d  t o  a c h i e v e  a  

g i v e n  t r i m  ang le -of -a t t ack .  The e s t i m a t e d  l i f t  and d r a g  c h a r a c t e r i s t i c s  of 

t h e  60 degree  cone and 40 degree  cone v e h i c l e s  a r e  shown i n  F i g u r e s  5-1 and 

5-2, r e s p e c t i v e l y .  The c e n t e r  of g r a v i t y  o f f s e t  r e q u i r e d  t o  t r i m  t h e  60 

degree  cone t o  an  L/D of 0 . 5  and t h e  40 degree  cone t o  an  L/D of 0 .2  is shown 

i n  F i g u r e  5-3 a s  a f u n c t i o n  of t h e  l o n g i t u d i n a l  c . g .  p o s i t i o n ,  The a f t  c . g .  

boundary,  based on t r a n s o n i c  s t a b i l i t y  c o n s i d e r a t i o n s ,  i s  a l s o  i n d i c a t e d .  

5 . 1 . 2  L i f t i n g  Body Vehic le  - A l i f t i n g  body e n t r y  v e h i c l e  having an 

L / D  of about  1 . 0  h a s  t h e  advan tage  of once-a-day r e t u r n  c a p a b i l i t y  t o  a 

s p e c i f i e d  l a n d i n g  s i t e  w i t h o u t  t h e  u s e  of r e t u r n  phasing maneuvers. The M2- 

F2 c o n f i g u r a t i o n  s e l e c t e d  p r o v i d e s  a maximum hyperson ic  L/D of about  1.1 

(Refe rences  5-1 and 5-2) .  The e s t i m a t e d  hyperson ic  trimmed l i f t  and d r a g  

c h a r a c t e r i s t i c s  a r e  shown i n  F i g u r e  5-4 a s  a  f u n c t i o n  of ang le -of -a t t ack .  A s  

shown, t h e  maximum L/D i s  a t t a i n e d  a t  an a n g l e  of 11 degrees  w h i l e  t h e  maxi- 

mum l i f t  c o e f f i c i e n t  i s  a t  an ang le -of -a t t ack  of 36 d e g r e e s .  The v e h i c l e  

a t t i t u d e  can be modulated between t h e s e  l i m i t s  and a l s o  modulated i n  bank 

a n g l e  t o  p rov ide  t h e  d e s i r e d  e n t r y  performance.  

S t a b i l i t y  c h a r a c t e r i s t i c s  a r e  shown i n  F igure  5-5. A t  hyperson ic  s p e e d s ,  

t h e  v e h i c l e  i s  trimmed from t h e  maximum l i f t  a t t i t u d e  (36 degrees )  t o  t h e  maxi- 

mum L/D a t t i t u d e  ( 1 1  degrees )  by d e f l e c t i n g  t h e  lower f l a p  from z e r o  t o  45 

d e g r e e s .  Center  of g r a v i t y  i s  a t  50 p e r c e n t  of t h e  body l e n g t h .  Rudders a r e  

d e f l e c t e d  outboard 25 degrees  f o r  a d d i t i o n a l  d i r e c t i o n a l  s t a b i l i t y .  A s  shown, t h e  

v e h i c l e  e x h i b i t s  s a t i s f a c t o r y  l o n g i t u d i n a l  s t a t i c  s t a b i l i t y  throughout  t h e  

t r i m  ang le -of -a t t ack  range .  

5.2 Reuse C a t e g o r i e s  - To a s s e s s  t h e  economics of r e c o v e r y ,  and r e u s e  of 

v a r i o u s  v e h i c l e  e lements ,  c a t e g o r i e s  cover ing  t h e  range  from a  t o t a l l y  expend- 

a b l e  s p a c e c r a f t  and l aunch  v e h i c l e  t o  a  complete ly  r e u s a b l e  s p a c e c r a f t  and 

l aunch  v e h i c l e  were i n v e s t i g a t e d .  These c a t e g o r i e s  a r e  shown i.n Tab le  5-1. 

Both wate r  and l a n d  l a n d i n g  were cons idered  a s  pr imary recovery  modes f o r  t h e  

b a l l i s t i c  c o n f i g u r a t i o n  i n  r e u s e  c a t e g o r y  A. I n  ca tegory  D ,  p o i n t  d e s i g n s  r a t h e r  
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Figure  5-1 

Angle of Attack, a, - Deg 

Figure 5-2 

40 DEGREE CONE BALLISTIC CONFIGURATION 
HYPERSONIC AERODYNAMIC CHARACTERISTICS 

Angle o f  Attack, a, - Degree 
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M2-F2 CONFIGURATION 
HYPERSONIC STABILITY AND CONTROL 

Rudders Flared 25 Degrees 

TABLE 5-1 
TRANSPORTATION SYSTEMS CONFIGURATION MATRIX 

A B C D E F  

C o n f i g u r a t i o n  I ( B a l l i s t i c )  I I 
E n t r y  V e h i c l e  

C a r g o l o r b i t  P r o p u l s i o n  Module 

Upper S tage  Engines 

Upper S t a g e  Tankage 

E - Expendable n I n t e g r a l  
R - Reusable U 

t h a n  p a r a m e t r i c  s t u d i e s  were made f o r  t h e  l i f t i n g  body c o n f i g u r a t i o n .  I n  

c a t e g o r y  F ,  t h e  s p a c e c r a f t  p o r t i o n  of t h e  v e h i c l e  i s  t h e  same a s  f o r  c a t e g o r y  E 

i n  b o t h  t h e  b a l l i s t i c  and l i f t i n g  body c o n f i g u r a t i o n s  w i t h  t h e  on ly  d i f f e r e n c e  

between t h e  c a t e g o r i e s  be ing  i n  t h e  f i r s t  s t a g e  b o o s t e r .  
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The v e h i c l e  c o n f i g u r a t i o n s  f o r  t h e  r e u s e  c a t e g o r i e s  a r e  shown i n  F i g u r e s  

5-6 through 5-14. For  each  c o n f i g u r a t i o n ,  p r e l i m i n a r y  e s t i m a t e s  of s i z e  and 

weigh t s  a r e  g iven  f o r  t h e  nominal m i s s i o n  paramete rs  (nine-man crew, c a r g o  

d e n s i t y  of t e n  l b / c u  f t ,  and a  300-mile low i n c l i n a t i o n  o r b i t ) ,  w i t h  t h e  pay- 

l o a d  c a p a b i l i t y  v a r i e d  over  t h e  e n t i r e  range  of i n t e r e s t .  For t h i s  s i z i n g ,  

t h e  p r o p e l l a n t s  were  assumed t o  be  l i q u i d  oxygen and l i q u i d  hydrogen f o r  b o o s t  

p r o p u l s i o n  and s t o r a b l e  f o r  maneuver p r o p u l s i o n .  These p r e l i m i n a r y  s i z i n g  

e s t i m a t e s  were  used ,  t o g e t h e r  w i t h  t h e  m i s s i o n  requ i rements  d i s c u s s e d  i n  

S e c t i o n  4 ,  t o  de te rmine  t h e  range  of subsystem performance requ i rements  t o  b e  

i n v e s t i g a t e d .  These e s t i m a t e s  w i l l  b e  r e f i n e d  a s  p a r t  of t h e  Task 6 a n a l y s i s  

by means of t h e  d e t a i l e d  s p a c e c r a f t  s i z i n g  model. 

5 . 2 . 1  B a l l i s t i c  S p a c e c r a f t  - The b a l l i s t i c  s p a c e c r a f t  c o n f i g u r a t i o n s  a r e  

based  on 20 degree  and 30 degree  h a l f  cones .  The b a s e l i n e  modular v e h i c l e s  

( v e h i c l e s  I A  and IB) a r e  30 d e g r e e  h a l f  cones ,  cor responding  w i t h  t h e  space-  

c r a f t  i n  t h e  Advanced L o g i s t i c s  S p a c e c r a f t  System s t u d y  ( s e e  Reference 4-1) .  

The i n t e g r a l  v e h i c l e s  ( I C  through IF)  u s e  a  20 d e g r e e  h a l f  cone t o  keep t h e  b a s e  

d iamete r  s m a l l e r .  Throughout i t  h a s  been assumed t h a t  t h e  b o o s t e r  d iamete r  

cor responds  t o  t h e  v e h i c l e  b a s e  d iamete r  w i t h o u t  a  l i m i t  t o  maximum d i a m e t e r .  

The u s e  of t h e  20 d e g r e e  h a l f  cone r e s u l t s  i n  less s q u a t  b o o s t e r  conf igura -  

t i o n s .  

The geomet r ic  c h a r a c t e r i s t i c s  of t h e  modular b a l l i s t i c  s p a c e c r a f t  ( V e h i c l e s  

I A  and IB) a r e  shown i n  F i g u r e  5-6. It h a s  been assumed t h a t  V e h i c l e s  

LA and IB a r e  i d e n t i c a l  f o r  t h e  l a n d  l a n d i n g  c o n f i g u r a t i o n ,  b u t  w i t h  t h e  w a t e r  

l a n d i n g  v e r s i o n  of t h e  I A  d i f f e r i n g  from t h e  'land l a n d i n g  v e r s i o n  o n l y  i n  t h e  

l a n d i n g  sys tem and  i n  t h e  guidance and n a v i g a t i o n  equipment. 

The e n t r y  v e h i c l e  c o n t a i n s  s p a c e  f o r  t h e  crew, t h e  non-propuls ive  sub- 

system equipment,  t h e  r e e n t r y  a t t i t u d e  c o n t r o l ,  and t h e  r e t u r n  cargo.  I t  

a l s o  s e r v e s  a s  t h e  e s c a p e  c a p s u l e  f o r  a b o r t  d u r i n g  b o o s t .  The m i s s i o n  module 

c o n t a i n s  a l l  t h e  maneuvering,  o r b i t  a t t i t u d e  c o n t r o l ,  and r e t r o  p r o p u l s i o n  

subsystems;  a s c e n t  ca rgo  space ;  and t h e  docking p r o v i s i o n s .  The p r e s s u r i -  

z a b l e  ca rgo  a r e a  i s  i n t e g r a l  w i t h  t h e  pr imary s t r u c t u r e .  A l l  b o o s t  p r o p u l s i o n  

i s  con ta ined  i n  t h e  b o o s t e r .  

The geomet r ic  c h a r a c t e r i s t i c s  of t h e  i n t e g r a l  miss ion  module s p a c e c r a f t  

(Vehic le  I C )  i s  shown i n  F i g u r e  5-7, I n  t h i s  c o n f i g u r a t i o n ,  t h e  e n t r y  v e h i c l e  

49 
MCDBNNELL DOUGLAS ASTRONAUTICS COMPANY 

EASTERN DIVISION 



VOLUME I1 
BOOK 1 

OPTIMIZED COST/PERFQRMANCE REPORT NO. ~ 9 7 5  

DESIGN METHODOLOGY 15 APRIL 1969 

Figure 5-6 

GEOMETRIC CHARACTERISTICS 
VEHICLES I A & I €3 

Heat Shield Area 
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Figure 5-7 

- Length (L) - 

GEOMETRIC CHARACTERISTICS 
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performs a l l  t h e  f u n c t i o n s  of b o t h  t h e  e n t r y  v e h i c l e  and t h e  m i s s i o n  module 

of V e h i c l e  I A .  For  crew escape  d u r i n g  l aunch ,  t h e  p o r t i o n  of t h e  s p a c e c r a f t  

ahead of t h e  ca rgo  compartment s e p a r a t e s  t o  become t h e  escape  c a p s u l e .  I t  

c o n t a i n s  a l l  t h e  sys tems  and the rmal  p r o t e c t i o n  r e q u i r e d  f o r  a b o r t  from n e a r  

o r b i t a l  c o n d i t i o n s .  

F i g u r e  5-8 shows t h e  geometr ic  c h a r a c t e r i s t i c s  of a  s p a c e c r a f t  t h a t  i n t e -  

g r a t e s  t h e  b o o s t e r  second s t a g e  eng ine  and r e l a t e d  hardware i n t o  t h e  e n t r y  

v e h i c l e  ( V e h i c l e  ID) .  The second s t a g e  p r o p e l l a n t s  a r e  i n  e x t e r n a l  expend- 

a b l e  t anks .  Crew e s c a p e  p r o v i s i o n  a r e  t h e  same a s  f o r  v e h i c l e  I C .  

The geomet r ic  c h a r a c t e r i s t i c s  of a  v e h i c l e  t h a t  i n c o r p o r a t e s  t h e  b o o s t e r  

second s t a g e  (Vehic les  IE and IF)  i n  t h e  e n t r y  v e h i c l e  i s  shown i n  F i g u r e  

5-9. The e n t r y  v e h i c l e s  f o r  Vehic les  IE and I F  a r e  i d e n t i c a l ,  t h e s e  con- 

f i g u r a t i o n s  d i f f e r  o n l y  i n  t h a t  t h e  f i r s t  s t a g e  of t h e  IE i s  expendable b u t  

i s  r e u s a b l e  f o r  t h e  I F .  For  t h e s e  v e h i c l e s ,  crew escape  i s  t h e  same a s  f o r  

Vehic le  I C .  

P r e l i m i n a r y  w e i g h t  e s t i m a t e s  f o r  t h e  escape  c a p s u l e  f o r  t h e  b a l l i s t i c  

s p a c e c r a f t  v a r y  from 8400 l b  f o r  a  two-man c a p s u l e  t o  12,650 l b  f o r  t h e  

twelve-man c a p s u l e .  S i n c e  t h e  escape  c a p s u l e  s i z e  does n o t  v a r y  w i t h  r e u s e  

concep t ,  t h e s e  w e i g h t s  app ly  f o r  b o t h  modular and i n t e g r a l  v e h i c l e s .  

5 . 2 . 2  L i f t i n g  Body S p a c e c r a f t  - The l i f t i n g  body c o n f i g u r a t i o n  used i s  

t h e  NASA M2-F2. The geomet r ic  c h a r a c t e r i s t i c s  f o r  t h e  modular c o n f i g u r a t i o n  

(Vehic les  I I A  and I I B )  a r e  shown i n  F i g u r e  5-10. The e n t r y  v e h i c l e  c o n t a i n s  

t h e  s p a c e  f o r  t h e  crew, t h e  non-propuls ive  subsystem equipment,  r e e n t r y  

a t t i t u d e  c o n t r o l ,  and t h e  r e t u r n  ca rgo .  The m i s s i o n  module i s  s i m i l a r  t o  t h a t  

f o r  V e h i c l e s  I A  and I B ,  excep t  f o r  t h e  a d a p t e r  s e c t i o n  r e q u i r e d  f o r  mounting 

t h e  crew module. 

A s  i n  Vehic les  I A  and I B ,  t h e  e n t r y  v e h i c l e  s e r v e s  a s  t h e  escape  module 

f o r  a b o r t  d u r i n g  b o o s t .  The p r e l i m i n a r y  e s t i m a t e  of crew module weight  f o r  

v e h i c l e  I I B  v a r i e s  from 11,850 l b  f o r  a  two-man c a p s u l e  t o  17,846 l b  f o r  t h e  

twelve-man c a p s u l e .  

V e h i c l e s  I I C ,  I I E  and I I F  a r e  shown i n  F i g u r e s  5-11 and 5-12. These 

v e h i c l e s  correspond t o  t h e i r  b a l l i s t i c  e n t r y  v e h i c l e  c o u n t e r p a r t s .  For a b o r t  

d u r i n g  l aunch  w i t h  t h e s e  v e h i c l e s ,  t h e  p o r t i o n  ahead of t h e  cargo s e c t i o n  i s  
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VEHICLE i B 
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Figure 5-9 

GEOMETRIC CHARACTERISTICS 
VEHICLES I E & I F 

Entry Weight - Lb 
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Figure 5-10 

GEOMETRIC CHARACTERISTICS 
VEHICLES I I  A & I1 B 

1- Mission Module - 
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Figure 5-1 1 

GEOMETRIC CHARACTERISTICS 
VEHICLE I I  C 
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Figure 5-12 

GEOMETRIC CHARACTERISTICS 
VEHICLES I1 E & II F 

I GEOME TRlC CHARACTERISTICS I 

Length (L) - F t  
Planform Area - F t 2  
Wetted Area- Tota l  - Ft2  
Tota l  Volume - ~t~ 
Entry Weight - L b  
Area Loading 

I Cargo Capabil i ty @ 10 ~ b / F t ~  I 

57 
MCDOAINELL DOUGLAS ASTRONAUT8CS CQMPA/PlfT. 

EASTERN DUVUSlOlV 



VOLUME I1 
BOOK 1 

OPTIMIZED COST/PERFORMANCE REPORT NO. ~ 9 7 5  

DESIGN METHODOLOGY 15 APRIL 1969 

s e p a r a t e d  from t h e  s p a c e c r a f t  and s e r v e s  as t h e  escape  c a p s u l e .  P r e l i m i n a r y  

e s t i m a t e s  o f  e s c a p e  c a p s u l e  weight  f o r  t h e s e  concep t s  range  from 9550 l b  f o r  

a  two-man I I C  c a p s u l e  t o  14,600 l b  f o r  a  twelve-man I I E  c a p s u l e .  

5 . 2 . 3  S p e c i a l  S t u d i e s  - During development of t h e  s p a c e c r a f t  c h a r a c t e r -  

i s t i c s , i t  became a p p a r e n t  t h a t  t h e  complete a n a l y s i s  of t i p  t a n k s  on an M2-F2 

v e h i c l e  would p r o b a b l y  n o t  be  a s  v a l u a b l e  as t h e  a n a l y s i s  of t h e  o t h e r  

c o n f i g u r a t i o n s .  

Th i s  t y p e  M2-F2 c o n f i g u r a t i o n  h a s  n o t  been d e f i n e d  i n  d e t a i l  i n  any prev-  

i o u s  work and cou ld  n o t  b e  d e f i n e d  i n  t h i s  s t u d y  w i t h  s u f f i c i e n t  dep th  t o  war- 

r a n t  more t h a n  a c u r s o r y  e v a l u a t i o n .  T h e r e f o r e ,  a t  t h e  d i r e c t i o n  of NASA t h i s  

c o n f i g u r a t i o n  w i l l  b e  e v a l u a t e d  on ly  f o r  t h e  nominal m i s s i o n  (9 man, 20,000 

l b  of cargo, 50 deg o r b i t  i n c l i n a t i o n ) ,  b u t  two t a n k  ~ o n f i ~ u r a t i o n s ~ i l l  b e  con- 

s i d e r e d  a s  shown i n  F i g u r e s  5-13 and 5-14. I n  t h e  f i r s t ,  two expendable ,  

e x t e r n a l  c y l i n d r i c a l  t a n k s  c a r r y  t h e  upper s t a g e  b o o s t  p r o p e l l a n t .  I n  t h e  

second,  t h e  expendable  t a n k  h a s  a  c o n f i g u r a t i o n  s i m i l a r  t o  t h e  M2-F2 r e e n t r y  

v e h i c l e .  F o r  t h e s e  two c o n f i g u r a t i o n s ,  no c o n s i d e r a t i o n  i s  g iven  t o  t h e  

e f f e c t s  of c .g .  t r a v e l ,  e n g i n e  g i m b a l l i n g  requ i rements ,  f i r s t  s t a g e  b o o s t e r  

i n t e r f a c e ,  o r  c l e a r a n c e  p r o v i s i o n s  f o r  eng ine  g i m b a l l i n g .  A t h i r d  p o i n t  d e s i g n  

concept  t h a t  w i l l  b e  e v a l u a t e d  a t  NASA's r e q u e s t  i s  a  v e r s i o n  of t h e  I C  v e h i c l e  

i n  which t h e  o r b i t a l  p r o p u l s i o n  system i s  i n t e g r a l  w i t h  t h e  e n t r y  v e h i c l e  

and t h e  ca rgo  i s  c o n t a i n e d  i n  an expendable  module. 
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Figure 5-13 

GEOMETRIC CHARACTERISTICS 
VEHICLE I I  D 
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Figure  5-14 

GEOMETRIC CHARACTERISTICS 
VEHICLE I I D-I 

Boost Propellant 

--- 

60 
MCDOMMEP-L DBPUGLBS ASTROfVLPUP-PCS C O M P A N W  

EASTERN DIVISION 



VOLUME I1 
BOOK 1 

OPTIMIZED CQST/PERFORMANCE 

DESIGN METHODQ1606V 
R E P O R T  NO. G975 

15 APRIL 1969 

6. SUBSYSTEM REQUIREMENTS, CONCEPTS, AND DEFINITIONS - Five subsystems 
were identified as high cost items, either from the standpoint of development 

or acquisition costs or on their effect on total spacecraft weight. These 

subsystems are structure (including thermal protecton ) ,  propulsion, environ- 

mental control, avionics, and non-propulsive power. For each, the functional 

and performance requirements were identified and quantified by mission phase 

for each of the reuse categories and for the ranges of crew size and cargo 

capabilities. 

Using the resulting range of performance requirements, subsystem 

specifications were prepared. Suppliers were invited early in the study to 

submit design, reliability and cost data (either parametric or point design), 

on hardware meeting the requirements in the subsystem specifications. 

Alternate subsystem concepts ranging from off-the-shelf to advanced state-of- 

the-art were encouraged as long as the performance requirements were met. 

The suppliers that submitted data are listed in Appendix A. In general, the 

design data substantiated data already available from previous vendor contacts. 

With data from previous studies of logistics vehicles and from 

suppliers, various subsystem concepts which were capable of meeting the 

performance requirements were identified. These included current and 

advanced technology, low weight and low cost, and simple and sophisticated 

concepts. From these, baseline subsystems were chosen for each reuse category 

and aerodynamic configuration and are summarized in Tables 6-1 and 6-2. 

These baseline subsystems were chosen merely as a point of departure for the 

subsystems trade-off studies to be made in a later task. All the alternate 

subsystems will be evaluated during the trade-off studies. 

In addition to the specific subsystem requirements, there are also 

general requirements for maintainability and reliability. The following 

paragraphs discuss the general requirements and then each of the five subsystem 

areas. 

6 .1 .1  ---. Maintainability - Reuse capability requires the ability to maintain 
the desired reliability and confidence levels through replacement of components 

that have reached the limit of their operational life and components that have 



BASE LINE SUBSYSTEMS DESCR IPTlON SUMMARY 
BALLISTIC VEHICLE CONFIGURATIONS 

2. Upper Stage Boost 

3. Orbit Maneuvers 

. Entry At t~ tude Control 



Tab le  6 - 2  

BASELINE SUBSYSTEM DESCRIPTION SUMMARY 
LIFTING BODY VEHICLE CON FIGURATIONS 

propellant tanks (jett~soned). 

control; located in  mission module. for translation (external-retractable ii lstallation) and another group for two, 8 engiile "r~ngs" (one rlng redundant) for 

S~ngle group of 16 engllles (4 quads); 
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f a i l e d  o r  produce o u t  of t o l e r a n c e  performance.  Ease  of maintenance p l a c e s  

requ i rements  on a c c e s s  p r o v i s i o n s  and equipment i n s t a l l a t i o n .  For easy  a c c e s s ,  

a l l  equipment t h a t  does  n o t  need t o  be  p r e s s u r i z e d  i s  l o c a t e d  i n  e x t e r n a l  

equipment compartments, a c c e s s i b l e  from o u t s i d e  t h e  s p a c e c r a f t .  Equipment 

shou ld  b e  l o c a t e d  s o  t h a t  i t  i s  a c c e s s i b l e  w i t h o u t  removal of o t h e r  equipment 

and s o  t h a t  removal and i n s t a l l a t i o n  does  n o t  c a u s e  damage t o  co ld  p l a t e s ,  

plumbing, and w i r i n g  h a r n e s s e s .  Ready a c c e s s  must b e  provided f o r  f i l t e r s ,  

d e b r i s  t r a p s ,  CO and odor a b s o r b e r s ,  and b a t t e r i e s .  
2 

The amount of non-propuls ive  equipment does  n o t  v a r y  g r e a t l y  w i t h  v e h i c l e  

o r  crew s i z e  nor  does  i t  d i f f e r  g r e a t l y  from t h a t  r e q u i r e d  f o r  t h e  l o g i s t i c s  

v e h i c l e  i n  a  p r e v i o u s  s t u d y  (See Reference 4-1). T h i s  v e h i c l e  had about  

70 s q  f t  of equipment a c c e s s  ( e x c l u s i v e  of t h a t  r e q u i r e d  f o r  t h e  p r o p u l s i o n  

and r e c o v e r y  subsystems)  i n  t h e  e x t e r n a l  s u r f a c e  of t h e  e n t r y  v e h i c l e .  

T h e r e f o r e ,  a c o n s t a n t  70 sq  f t  of a c c e s s  a r e a  was assumed 2s a  b a s e l i n e  Va lue  f p r  

t h e  non-propuls ive ,  non-recovery equipment f o r  a l l  v e h i c l e s .  

6.1.2 R e l i a b i l i t y  - The m i s s i o n  s u c c e s s  g o a l  r e q u i r e d  f o r  t h e  l o g i s t i c  - 
v e h i c l e s  i s  .95,  i n c l u d i n g  t h e  e n t r y  v e h i c l e  and upper s t a g e  ( i n s e r t i o n )  

p r o p u l s i o n  system. For c o n f i g u r a t i o n s  where t h e  e n t r y  v e h i c l e  and t h e  upper  

s t a g e  a r e  s e p a r a t e  modules, t h e  sub-goals were  e q u a l l y  appor t ioned  .975 f o r  each  

module. The upper s t a g e  p r o p u l s i o n  g o a l  i s  a c h e i v a b l e  w i t h  s t a t e - o f - t h e - a r t  

(S-IVB) equipment. The ,975 g o a l  f o r  t h e  e n t r y  v e h i c l e  i s  e q u a l l y  a t t a i n a b l e  o r  

exceeded w i t h  t h e  c u r r e n t  hardware a v a i l a b l e  and redundancy a p p l i c a t i o n s  

i n c o r p o r a t e d  d u r i n g  t h e  d e s i g n  phase  (See Tab le  6-3). 

The appor t ionment  was made a t  t h e  subsystem l e v e l  t o  e s t a b l i s h  f e a s i b l e  

subsystem r e l i a b i l i t y  g o a l s ,  and t o  e s t i m a t e  t h e  magnitude of r e l i a b i l i t y  

achievement r e q u i r e d  a t  t h i s  l e v e l  f o r  t h e  o v e r a l l  m i s s i o n  s u c c e s s  r e l i a b i l i t y  

requ i rement .  B a s i c  t o  t h e s e  appor t ionments  a r e  t h e  fo l lowing  c o n s i d e r a t i o n s  

and assumptions:  

1. The a p p o r t i o n e d  r e l i a b i l i t i e s  must be  c o n s i s t e n t  w i t h  t h e  s t a t e - o f -  

t h e - a r t  of t h e  subsystems. S p e c i a l  c o n s i d e r a t i o n  i s  g iven  t o  t h o s e  

r e q u i r i n g  more development such a s  guidance and n a v i g a t i o n .  These 

subsystems a r e  a c c o r d i n g l y  appor t ioned  v a l u e s  w e l l  w i t h i n  t h e  p r e s e n t  

s t a t e - o f - t h e - a r t .  
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TABLE 6-3 

RELIABILITY APPORTIONMENT SUMMARY 

LOGISTIC MISSION 

e) GhC, Radar 
(Electronics) 

f) Reentry Control 

Orbital Attitude 

and Recovery 
k) Instrumentation 

and Recovery 

For design cases where the maneuver subsystem and the orbital attitude control subsystem are 
separate subsystems, the apportionment is: Maneuver Subsystem = .9987 

Orbit Attitude Control = .9981 
Escape system apportionments are not applicable for mission success. 
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2. The apportionments are of mission success and do not directly reflect 

crew survival probability requirements. Those subsystems which are 

critical to crew safety are apportioned the highest reliabilities 

believed achievable. 

3 .  The aerodynamic control subsystems of lifting body vehicles assumed 

some of the function of the manuever propulsion add landing recovery 

subsystems of the ballistic vehicles. 

6.2 Structure - Major structural tasks include definition of structural 
design criteria, requirements, structural concepts, and the baseline primary 

structure. 

6.2.1 Structural Design Criteria - This section presents the structural 
design criteria which provide a basis for selection of the analytical model and 

other information pertinent to the structural design. 

6.2.1.1 Design Environments - Atmospheric properties used in the trajectory 
analysis are defined in Reference 6-1. Wind environments are based on 95 percent 

probability wind data from ETR and WTR as applicable. 

6.2.1.2 Design Factors - Design factors to determine ultimate loads, proof 
and burst pressures are summarized in Table 6-4. Factors of safety are those applied 

to limit loads to account for items such as uncertainties and variations in material 

properties, fabrication quality, and internal and external load distributions. 

A factor of safety of 1.40 is used for manned flight. 

Pressurization factors are applied to the maximum operating pressure of all 

pressure vessels. Maximum operating pressure includes the effects of temperature, 

transient peaks, and hydrostatic pressure heads due to vehicle acceleration. 

Vessels are containers designed for sustained internal pressure such as crew 

compartments, propellant tanks, storage bottles, tubing, valves, etc, Excluded 

are structural items such as adapters, interstage bays, and fins not designed for 

sustained internal pressure. Proof pressure is the product of the maximum operating 

pressure and the proof factor. The component shall be capable of normal operation 

for its design service life after exposure to proof pressure. Burst pressure is 

the product of the maximum operating pressure and the burst factor. 
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TABLE 6.4  

DESIGN FACTORS 

F a c t o r s  of S a f e t y  

" F l i g h t  Condi t ions  

" Ground Handl ing Condi t ions  

P o t e n t i a l l y  Hazardous t o  Personne l  

P r e s s u r i z a t i o n  F a c t o r  

" Hydrau l ic  V e s s e l s  

" Pneumatic V e s s e l s  

" L i n e s  and F i t t i n g s  

" Manned Cabins 

" Main P r o p e l l a n t  Tanks 

" Rocket Motor Cases 

Proof Burs t  

1 .50  2.50 

1.67 2.22 

2.00 4.00 

1 . 3 3  2.00 

1.1 1.4 

1.1 1 . 4  

D e t a i l e d  e v a l u a t i o n  of t h e  s e n s i t i v i t y  of s t r u c t u r a l  t empera tu res  t o  off -nominal  

o p e r a t i o n  a n a l y t i c a l  u n c e r t a i n t y  i s  beyond t h e  scope  of t h i s  s t u d y .  One approach 

which accounts  f o r  t h e s e  e f f e c t s  i s  t h e  u s e  of s t r u c t u r a l  t empera tu re  f a c t o r s .  

T h i s  approach i s  q u a l i t a t i v e l y  d e s c r i b e d  a s  f o l l o w s :  

T e v p e r a t u r e  F a c t o r s  - The tempera tu re  d i s p e r s i o n  f a c t o r  i s  in tended  t o  

account  f o r  t h e  e f f e c t s  on t empera tu re  due t o  d e v i a t i o n s  from t h e  nominal t r a j e c t o r y .  

The t empera tu re  u n c e r t a i n t y  f a c t o r  i s  in tended  t o  account  f o r  u n c e r t a i n t i e s  and 

v a r i a t i o n s  i n  m a t e r i a l  thermal  p r o p e r t i e s ,  a b l a t i v e  performance,  and o t h e r  v a r i a t i o n s  

n o t  amenable t o  a n a l y t i c a l  e s t i m a t e s .  

P r e d i c a t e d  Temperature - P r e d i c t e d  t empera tu re  i s ,  ( a )  t h e  nominal t r a j e c t o r y  

c a l c u l a t e d  t empera tu re  (deg. R)  m u l t i p l i e d  by t h e  t empera tu re  d i s p e r s i o n  f a c t o r ,  o r  

(b) t h e  t empera tu re  determined from off-nominal t r a j e c t o r i e s .  

Design Temperature - Design t empera tu re  i s  t h e  p r e d i c t e d  t empera tu re  (deg R) 

m u l t i p l i e d  by t h e  t empera tu re  u n c e r t a i n t y  f a c t o r .  T y p i c a l  v a l u e s  f o r  t h e  t e m p e r a t u r e  

u n c e r t a i n t y  f a c t o r  r a n g e  from 1 .05  t o  1 .25  depending on t h e  scope of t h e  development 

t e s t  program, complexi ty  of t h e  shape,  aerodynamic environment,  e t c .  

I n  t h i s  s t u d y ,  t h e  t empera tu re  d i s p e r s i o n  f a c t o r  and t empera tu re  u n c e r t a i n t y  

f a c t o r  have been combined i n t o  one f a c t o r .  The f a c t o r  used was 1 .07  f o r  a l l  

r a d i a t i v e  s t r u c t u r e  and 1 .00 f o r  a b l a t i v e  p r o t e c t e d  s t r u c t u r e .  
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6.2.1.3 S t r e n g t h  Requirements - S p a c e c r a f t  s t r u c t u r e  s h a l l  have s t r e n g t h  

t o  w i t h s t a n d  l i m i t  l o a d  and p r e d i c t e d  t empera tu re  w i t h o u t  permanent de format ion .  

I n  a d d i t i o n ,  t h e  s t r u c t u r e  s h a l l  w i t h s t a n d  a p p l i e d  u l t i m a t e  l o a d  w i t h  p r e d i c t e d  

t e m p e r a t u r e  o r  l i m i t  l oad  w i t h  d e s i g n  t empera tu re  whichever i s  c r i t i c a l .  I n t e r n a l  

s t r e s s  d i s t r i b u t i o n s  s h a l l  b e  based on l i m i t  l o a d s  and t h e  the rmal  stress a s s o c i a t e d  

w i t h  p r e d i c t e d  t empera tu re .  The n e t  s t r e s s  d i s t r i b u t i o n s  when the rmal  s t r e s s e s  a r e  

c o n s i d e r e d  s h a l l  b e  m u l t i p l i e d  by t h e  f a c t o r  of s a f e t y  t o  o b t a i n  u l t i m a t e  v a l u e s .  

6.2.1.4 S t i f f n e s s  Requirement - Vehic le  s t r u c t u r a l  s t i f f n e s s  i s  

p rov ided  t o  mimimize s t r u c t u r a l  coup l ing  w i t h  t h e  c o n t r o l  sys tem and t o  p r e c l u d e  

l o c a l  a e r o e l a s t i c  i n s t a b i l i t i e s .  

6.2.1.5 Miss ion Phase Requirements - The a p p l i c a t i o n  of t h e  s t r u c t u r a l  

d e s i g n  c r i t e r i a  t o  s p e c i f i c  m i s s i o n  phases  i s  d e s c r i b e d  below. T a b l e  6-5 

summarizes t h e  d e s i g n  load  f a c t o r s  f o r  t h e  s i g n i f i c a n t  m i s s i o n  phases .  

Handling - Modes of t r a n s p o r t  a r e  a i r ,  s h i p ,  r a i l ,  o r  t r u c k ,  Handling 

methods and environments d u r i n g  f a b r i c a t i o n ,  d e l i v e r y ,  and i n s t a l l a t i o n  w i l l  b e  

c o n t r o l l e d  t o  minimize imposing d e s i g n  requ i rements  on t h e  s t r u c t u r e  excep t  

l o c a l l y  a t  t h e  s u p p o r t  f i t t i n g s .  

Launch - S t r u c t u r a l  l o a d i n g  f o r  a l l  v e h i c l e s  d u r i n g  t h e  launch and 

a s c e n t  phase  i s  based on S a t u r n  V l aunch  v e h i c l e  c r i t i c a l  l o a d i n g  c o n d i t i o n s .  

R ig id  body l o a d s  c a l c u l a t e d  f o r  t h e s e  c o n d i t i o n s  a r e  i n c r e a s e d  by 30 p e r c e n t  

t o  account  f o r  t h e  dynamic e f f e c t s  of a e r o e l a s t i c i t y ,  b u f f e t i n g ,  and c o n t r o l  

' sys tem response .  The l aunch  ( l i f t - o f f )  phase  b e g i n s  w i t h  main eng ine  s t a r t  and 

ends  when t h e  s t a r t  and r e l e a s e  t r a n s i e n t s  a r e  i n s i g n i f i c a n t .  

Ascent - The a s c e n t  phase  i s  t h a t  p e r i o d  from l i f t - o f f  t o  o r b i t  i n s e r t i o n .  

T a b l e  6-5 i n d i c a t e s  t h e  d e s i g n  load  f a c t o r s  of t h e s e  phases .  During t h e  a s c e n t  

phase ,  p r e s s u r i z e d  compartments a r e  ven ted  t o  m a i n t a i n  a n  i n t e r n a l  p r e s s u r e  

d i f f e r e n t i a l  of 6 .0  p s i  l i m i t  r e l a t i v e  t o  ambient ;  a l s o ,  t h e  u n p r e s s u r i z e d  

compartments a r e  v e n t e d  t o  m a i n t a i n  a n  i n t e r n a l  p r e s s u r e  d i f f e r e n t i a l  w i t h i n  

t h e  range  of -0.5 p s i  l i m i t  ( c o l l a p s e )  t o  2.0 p s i  l i m i t  ( b u r s t )  r e l a t i v e  t o  

ambient .  
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Tab le  6-5 

Design Load F a c t o r s  a t  

S p a c e c r a f t  Cen te r  of G r a v i t y  

MIL-A-8421B 

Space O p e r a t i o n s  

i The l o a d  f a c t o r s  shown a r e  t h e  maximums i n  each d i r e c t i o n  and do n o t  

n e c e s s a r i l y  occur  s i m u l t a n e o u s l y .  
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Space Opera t ions  - Vehic le  s t r u c t u r e s  a r e  des igned  f o r  a l l  g e o p h y s i c a l  

environments  of s p a c e  o p e r a t i o n s .  Manned compartments a r e  des igned  f o r  a  

maximum expec ted  o p e r a t i n g  p r e s s u r e  of 6 .0  p s i  l i m i t .  

E n t r y  - Vehic le  s t r u c t u r a l  d e s i g n  i s  based on t h e  load  f a c t o r s  i n  Tab le  

6-5. The e n t r y  phase  b e g i n s  fo l lowing  r e t r o g r a d e  and t e r m i n a t e s  a f t e r  t h e  

t r a n s i t i o n  i s  made from hyperson ic  t o  s u p e r s o n i c  speed (Mach - ~ 5 . 0 ) .  

Approach - Aerodynamic c o n t r o l  s u r f a c e s  of ~ 2 / F 2  l i f t i n g  b o d i e s  e x p e r i e n c e  

c r i t i c a l  l o a d i n g  d u r i n g  t h e  approach phase  (Mach 5 .0  t o  l a n d i n g ) .  Veh ic le  

s t r u c t u r e  and d i r e c t i o n a l  c o n t r o l  s u r f a c e s  a r e  des igned f o r  a  s t e a d y - s t a t e  

l a t e r a l  l o a d  f a c t o r  of - $1.5. P i t c h  c o n t r o l  s u r f a c e  s t r u c t u r e s  a r e  des igned  

f o r  d e f l e c t i o n s  r e q u i r e d  t o  a t t a i n  a  normal l o a d  f a c t o r  of 7.0. C o n t r o l  s u r f a c e  

r i g i d  l o a d s  a r e  i n c r e a s e d  by 25 p e r c e n t  t o  account  f o r  a e r o e l a s t i c  e f f e c t s .  

Landing - Normal l a n d i n g  f o r  expendable  b a l l i s t i c  and l i f t i n g  body 

s p a c e c r a f t s  is on l a n d  o r  w a t e r .  Normal l a n d i n g  f o r  a l l  r e u s a b l e  s p a c e c r a f t  

i s  on l a n d .  A p a r a c h u t e  system i s  used f o r  back-up l and ing  c a p a b i l i t y  and as 

t h e  pr imary l a n d i n g  mode f o r  normal wa te r  l a n d i n g  on a l l  s p a c e c r a f t .  Tab le  6-6 

p r e s e n t s  t h e  p a r a c h u t e  deployment and l a n d i n g  c o n d i t i o n s .  Landing g e a r  

c o e f f i c i e n t  of f r i c t i o n  i s  0.6 f o r  s k i d s  and 0 . 1  f o r  wheels .  

Abort  - Abort c a p a b i l i t y  i s  r e q u i r e d  a t  any t ime d u r i n g  l a u n c h  and a s c e n t  

phases .  Crew compartment o r  escape  s t r u c t u r e ,  f o r  b o t h  b a l l i s t i c  and l i f t i n g  

b o d i e s ,  i s  des igned  t o  s u s t a i n  8 .0  p s i  l i m i t  o v e r p r e s s u r e  s imul taneous ly  w i t h  

a  l i m i t  a x i a l  load  f a c t o r  of 10.0 .  

6.2.2 S t r u c t u r a l  Concepts - The s t r u c t u r a l  a i r f r a m e  ( f u s e l a g e )  accounts  f o r  

a  major p e r c e n t  of t h e  t o t a l  s t r u c t u r a l  weight  and c o s t ,  T h e r e f o r e ,  t o  a s s e s s  t h e  

a i r f r a m e  s t r u c t u r a l  weight  and c o s t ,  s e v e r a l  methods of c o n s t r u c t i o n  and m a t e r i a l s  

a r e  i n v e s t i g a t e d .  F i g u r e  6-1 i s  a schemat ic  r e p r e s e n t a t i o n  of t h e  many combinat ions  

of s t r u c t u r a l  and thermal  p r o t e c t i o n  concep t s  which a r e  p o s s i b l e  f o r  meet ing 

d e s i g n a t e d  s t r u c t u r a l  a i r f r a m e  requ i rements .  Thermal p r o t e c t i o n  concep t s  a r e  

d i s c u s s e d  i n  S e c t i o n  6.3. Both t h e  b a l l i s t i c  and l i f t i n g  body e n t r y  v e h i c l e  employ 

a  double  w a l l ,  c o o l  a i r f r a m e  concept .  A l l  expendable  cargo-propuls ion modules 

des igned  t o  meet t h e  a s c e n t  and o r b i t  environments u t i l i z e  a  s i n g l e  w a l l  concept .  

A s i n g l e  wall., h o t  a i r f r a m e  i s  cons idered  beyond t h e  scope of t h e  s t u d y  c h i e f l y  

because  it is  c a t e g o r i z e d  a s  advanced-s ta te-of- the-ar t  l a c k i n g  s u f f i c i e n t  c o s t  d a t a .  
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T a b l e  6-6 

Parachu te  Deployment Condi t ions  

Pull-Off Angle Dynamic P r e s s u r e  

Landing Condi t ions  
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Figure 6-1 

Thermal 
Protection 
Concepts 

primary 
Structural 
Shell 

72 
MCDONNELL DOUGLAS W S T W O A I W U T U C S  COMPANY 

EASTERN D U V I S U O N  



VOLUME I1 
BOOK 1 

OPTIMIZED COST/PERFOWIVIANCE 

DESIGN METHODOLOGY 
R E P O R T  NO. G975 

15 APRIL 1969 

The f o l l o w i n g  paragraphs  d i s c u s s  c a n d i d a t e  m a t e r i a l s  and methods of 

c o n s t r u c t i o n .  

S t r u c t u r a l  M a t e r i a l s  - E v a l u a t i o n  and s e l e c t i o n  of c a n d i d a t e  s t r u c t u r a l  

m a t e r i a l s  i s  based on a number of m a t e r i a l  p r o p e r t i e s  and c h a r a c t e r i s t i c s .  Among 

t h e s e  a r e  mechanical  p r o p e r t i e s ,  s t r e n g t h  e f f i c i e n c i e s ,  f a b r i c a t i o n  c h a r a c t e r i s t i c s ,  

and t empera tu re  u s e  l i m i t s .  F i g u r e s  6-2 and 6-3 summarize t h e s e  p r o p e r t i e s  and 

c h a r a c t e r i s t i c s  f o r  s e v e r a l  a l l o y s  w i t h i n  each of f o u r  m a t e r i a l  f a m i l i e s  commonly 

employed on a i r c r a f t ,  s p a c e c r a f t ,  and missile s t r u c t u r e s .  

Based on t h e  above s e l e c t i o n  c r i t e r i a ,  t h e  fo l lowing  f o u r  a l l o y s  a r e  

c o n s i d e r e d  f o r  f u r t h e r  e v a l u a t i o n :  

Aluminum a l l o y  (2219-T87) 

Magnesium a l l o y  (HK31A-H24) 

O Titanium a l l o y  (8 A 1  - 1 Mo - 1V) 

O S t a i n l e s s  S t e e l  (17 - 7  PH) 

F i g u r e  6-4 p r e s e n t s  t h e  e f f e c t s  of e v a l u a t e d  t empera tu re  on t h e  s t r e n g t h  

and e l a s t i c  modules e f f i c i e n c i e s  f o r  t h e  c a n d i d a t e  m a t e r i a l s .  Mechanical  p r o p e r t i e s  

i l l u s t r a t e d  i n  t h i s  f i g u r e  and u t i l i z e d  i n  subsequent  development of s i z i n g  models 

a r e  based on minimum guaran teed  v a l u e s  a s  d e f i n e d  i n  Reference 6-2. 

Methods of Airf rame C o n s t r u c t i o n  - A s  p r e s e n t e d  i n  F i g u r e  6-1, t h r e e  methods 

of s h e l l  c o n s t r u c t i o n  a r e  cons idered  f o r  t h e  s t r u c t u r a l  a i r f r a m e :  (1)  S k i n - s t r i n g e r  

w i t h  f rames,  (2)  s i n g l e - s k i n ,  s q u a r e  c o r r u g a t i o n s  w i t h  f rames,  and (3) s i n g l e - s k i n  

w i t h  frame. T h i s  l a s t  concept  i s  e s s e n t i a l l y  a  monocoque s h e l l  which i s  s t i f f e n e d  

by adding c i r c u m f e r e n t i a l  f rames.  F i g u r e  6-5 shows t h e  geometry used f o r  t h e  t h r e e  

methods of s h e l l  c o n s t r u c t i o n .  I n  no way, do t h e s e  dimensions  r e p r e s e n t  a n  optimum 

s t r u c t u r a l  ar rangement ;  however, t h e y  do r e p r e s e n t  p r a c t i c a l  s i z e s  from a  f a b r i c a t i o n  

s t a n d p o i n t .  

A p a r a m e t r i c  a n a l y s i s  was performed on t h e  t h r e e  methods of c o n s t r u c t i o n  t o  

e v a l u a t e  s t r u c t u r a l   eight e f f i c i e n c i e s .  The c r i t e r i o n  u t i l i z e d ,  f o r  e v a l u a t i n g  

s t r u c t u r a l  e f f i c i e n c i e s ,  compared t h e  s t r u c t u r a l  s h e l l  u n i t  we igh t s  ( i . e . ,  pounds 

p e r  s q u a r e  f o o t )  r e q u i r e d  f o r  v a r i o u s  load-ca r ry ing  f u n c t i o n s .  S t r u c t u r a l  a i r f r a m e  

concep ts  (1)  and (2)  were analyzed a s  wide beam-columns supported between f rames 

s i n c e  t h e y  were  r e q u i r e d  t o  c a r r y  a x i a l  l o a d s  s imul taneous ly  w i t h  l a t e r a l  p r e s s u r e  

l o a d s ;  S t i f f e n e d  s h e l l  s k i n s  were c o n s i d e r e d  t o  have n e g l i g i b l e  hoop t e n s i o n  o r  

compression c a p a b i l i t i e s ;  t h e r e f o r e ,  a l l  l a t e r a l  p r e s s u r e  l o a d s  were beamed t o  t h e  
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CHARACTERISTICS OF CANDIDATE MATERIALS Figure 6-2 

FOR PRESSURE VESSEL STRUCTURE 
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Figure 6-3 

FABRICATI ON CHARACTERISTICS OF CANDIDATE MATERIALS 
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. . 
ELEVATED TEMPERATURE MATERIALS STRENGTH INDICES FIGURE 6-4a 

0. 100. 200. 300. 400. 500. 600. 700. 800. 900. 1000. 1100. 1200. 

Elevated Temperatures, T - Degrees F 

0. 100. 200. 300. 400. 500. 600. 

Elevated Temperature, T - Degrees C 
FIGURE 6-4b 

300. 400. 500. 600. 700. 800. 900. 

Elevated Temperatures, T - Degrees F 

0 100. 200. 300. 400. 500. 600. 

Elevated Temperature, T - Degrees C 
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FIGURE 6-4c 

-. 
0. 100. 200. 300. 400. 500. 600. 700. 800. 900. 1000. 1100. 1200. 

Elevated Temperatures, T - Degrees F 

0. lo& 200. 300. 400. 500. 600. 

Elevated Temperatures, T - Degrees C 
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GEOMETRY OF STRUCTURAL SHELL CONCEPTS 

1. SHEET-STRINGER WITH FRAMES 

Typical 

1.50" t 

Where, t =  Stringer Thickness; 
ts = Skin Thickness; and 
tr = Frame Thickness. 

2. SINGLE SKIN, SQUARE CORRUGATIONS WITH FRAMES 

Where, ts=  Skin and Corrugation Thicknesses; and 
t, = Frame Thickness 

3. SINGLE SKIN WITH FRAMES 

T S q u a r e  Corrugations 

Where, ts= Skin Thickness; and 
tr = Frame Thickness 
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f rames.  S t r u c t u r a l  s h e l l  s i z i n g  was based on i n s t a b i l i t y  f a i l u r e  a n a l y s i s  employing 

a  ze ro  margin  of s a f e t y :  

I n s t a b i l i t y  F a i l u r e  Load ( S t r e s s )  
M.S. = - 1 = O .  

Appl ied,  U l t i m a t e  Load ( S t r e s s )  

Appl ied ,  u l t i m a t e  a x i a l  and bending l o a d s  on M2-F2 v e h i c l e s  were determined f o r  

two c r i t i c a l  c o n d i t i o n s :  (1)  maximum a i r l o a d s  dur ing  a s c e n t  and (2) touchdown l o a d s  

d u r i n g  l a n d  l a n d i n g s .  Loads on t h e  b a l l a s t i c  v e h i c l e s  were determined f o r  maximum 

a i r l o a d s  d u r i n g  a s c e n t .  L a t e r a l  p r e s s u r e  d i s t r i b u t i o n s  a s s o c i a t e d  w i t h  t h e  a s c e n t  

phase  cons idered  a maximum b u r s t  p r e s s u r e  of 6.0 p s i  l i m i t  i n  p r e s s u r i z e d  compart- 

ments and 2.0 p s i  l i m i t  i n  u n p r e s s u r i z e d  compartments. A 1 . 4  f a c t o r  of s a f e t y  was 

a p p l i e d  t o  t h e s e  p r e s s u r e s  t o  o b t a i n  u l t i m a t e  d e s i g n  p r e s s u r e s .  

A t h i r d  method of c o n s t r u c t i o n  was analyzed a s  a  f r a m e - s t i f f e n e d  c y l i n d e r .  

P r e v i o u s  t e s t  r e s u l t s  (Reference 6-3) have shown t h a t  r i n g - s t i f f e n e d  c y l i n d e r s  have 

compress ive  buck l ing  c o e f f i c i e n t s  approaching and exceeding t h e  t h e o r e t i c a l  small- 

d e f l e c t i o n  v a l u e  of 0.6 when s u b j e c t e d  t o  i n t e r n a l  p r e s s u r i z a t i o n .  

where : 
F c r  = c r i t i c a l  buck l ing  s t r e s s ,  p s i ,  

E = Young's modules of e l a s t i c i t y ,  p s i ,  

R = Radius of c y l i n d e r ,  i n c h e s ,  

and t = Thickness  of c y l i n d e r ,  i n c h e s .  

T h i s  method was used d i r e c t l y  f o r  t h e  b a l l i s t i c  v e h i c l e s ;  however, i t  w a s  

modi f i ed  f o r  t h e  i r r e g u l a r - s h a p e d  M2-F2 v e h i c l e s .  For t h e  M2-F2 v e h i c l e s ,  t h e  

r a d i u s ,  R ,  i s  based on a n  assumed e q u i v a l e n t  c y l i n d e r  d e f i n e d  by t h e  f o l l o w i n g  

e x p r e s s i o n :  
P e r i m e t e r  R = -..- 

2  IT 

Cau t ion  must b e  used when u t i l i z i n g  t h i s  approach s i n c e  no test d a t a  e x i s t  t o  

v a l i d a t e  t h i s  method f o r  t h e  l a r g e  s h e l l s  cons idered .  

F i g u r e  6-6 summarizes t h e  r e s u l t s  of t h e  p a r a m e t r i c  a n a l y s i s  f o r  t h e  aluminum 

a l l o y .  For each method of s h e l l  c o n s t r u c t i o n ,  t h e  f i g u r e  shows u n i t  s h e l l  w e i g h t s  

f o r  c a r r y i n g  a  range  of a x i a l  l o a d  i n t e n s i t i e s  s i m u l t a n e o u s l y  w i t h  l a t e r a l  p r e s s u r e  

l o a d s .  The s i n g l e - s k i n  w i t h  f rames concept  i s  r e p r e s e n t a t i v e  of a  60 i n c h  d i a m e t e r  

c y c l i n d e r .  Larger  d i a m e t e r s ,  which a r e  t y p i c a l  of l a r g e r  b a l l i s t i c , a n d  l i f t i n g  

body v e h i c l e s  of t h i s  s t u d y ,  w i l l  r e s u l t  i n  i n c r e a s e d  u n i t  s h e l l  weight .  Th i s  

79 
IMCDBNNELL DOUGLAS ASTRONAUTICS COMPANY 

EASTERN DRVUSUON 



VOLUME I1 
BOOK 1 

OPTIMIZED CBST/PERFORMANCE REPORT NO. G975 

DESIGN METHODOLOGY 15 APRIL 1969 

FIGURE 6-6 

WEIGHT COMPARISON OF CONSTRUCTION METHODS 
(ALUMINUM ALLOY 22 19-T87 AT ROOM TEMPERATURE) 
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Note: Unit shell w igh t s  do not include the ~ i g h t  increments for frames. 
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method of construction results in heavy structural shells but offer the least cost- 

per-pound of structural weight of all structural concepts investigated. However, 

when the structural shell is further stiffened with longitudinal stringers or 

corrugations a substantial weight savings is obtained which off-sets any cost 

advantage of the single-skin concept, All horizontal lines in the figure represent 

cut-offs for minimum sheet gages based on manufacturing limitations. A minimum gage 

of 0.025 inches is selected for aluminum and magnesium alloys and 0.010 inches is 

selected for titanium and stainless steel. Table 6-7 is included as a summary of 

the structural concepts which can be evaluated in the cost optimization program. 

In the large, reusable M2-F2 vehicles containing upper stage propellant tanks 

and engines, a trade-off study has shown that propellant tanks integral with the 

structural shell and frames is more competitive from a volume and weight standpoint 

than a separate, supported propellant tank concept (see Section 6.4.2.2). To 

achieve an efficient structural arrangement for carrying primary shell loads 

simultaneously with the high operating pressure within the propellant tanks, the 

irregular-shaped frames are load relieved, with tension members placed across each 

frame. These tension members reduce the internal frame loads thus reducing frame 

cross-sectional areas. However, the advantage gained with frames is off-set by the 

increase in shell longitudinal stiffener size to beam the increased tank pressures. 

The chief advantage is the weight savings produced by the shorter vehicle length. 

6.2.3 Baseline Structural Airframe - The baseline structural airframe 

considered for all vehicle configurations consists of a stiffened, aluminum 

pressure shell of thin sheet, spot welded to longitudinally-oriented.stringers 

attached at five-inch intervals. The shell is also stabilized by circumferential 

aluminum frames spaced and attached at 10-inch intervals. See Figure 6-7. 

This sheet stringer with frames is employed in all vehicle components. 

The shell structure is the primary load path for carrying aerodynamic 

pressures and inertia induced loads. Axial loads and bending moments from 

critical loading conditions induce axial load intensities around the shell 

circumference. These are carried by stringers and effective widths of the 

skin. Shear loads are reacted circumferentially by the skin. Frames stabilize 

the shell for internal pressure loads by redistributing beam loads from the sheet- 

stringers to shearing forces in the shell. They also transfer external 

pressure loads from the thermal protection shingles into the body shell. The 

baseline concept represents conventional spececraft structural design, producing 

efficient airframe design at competitive cost, 
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Tab le  6-7 

Pr imary S t r u c t u r e  Concept Summary 

I I 
Concept 

Des igna t ion  

PS-1 

PS-2* 

PS-3 

PS-4 

PS-5 

PS-6 

w i t h  f rames 

Sheet-s t r i n g e r  
w i t h  frames 

S i n g l e - s k i n ,  
c o r r u g a t i o n s  
w i t h  f rames 
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Figure  6-7 
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The s t r u c t u r a l  r e l i a b i l i t y  of a  v e h i c l e  is  d i f f i c u l t  t o  a s s e s s ,  p a r t l y  

because  of t h e  b a s i c a l l y  p a s s i v e  n a t u r e  of t h e  s t r u c t u r e  and p a r t l y  because  of t h e  

u s u a l  d e s i g n  phi losophy ( i . e . ,  s e l e c t  a f a c t o r  o f  s a f e t y  t o  b e  used i n  t h e  d e s i g n ,  

test ,  and r e d e s i g n  shou ld  a  f a i l u r e  o c c u r ) .  However, t h e  s t r u c t u r e  h a s  been 

a s s i g n e d  a  v a l u e  i n  t h e  appor t ionment  (Table  6-3); a l l  t h e  s t r u c t u r a l  a l t e r n a t e s  

a r e  assumed t o  have e q u a l  r e l i a b i l i t y  when des igned  t o  t h e  same f a c t o r  of s a f e t y .  

However, s e l e c t i o n  of t h e  f a c t o r  of s a f e t y  de te rmines  t h e  amount of q u a l i -  

f i c a t i o n  t e s t i n g  r e q u i r e d  and a l s o  i n f l u e n c e s  member s i z i n g .  Th is  r e l a t i o n s h i p  

i n t r o d u c e s  a  t r ade-s tudy  i n  which i n c r e a s e d  hardware c o s t s  r e s u l t i n g  from a  

h i g h e r  f a c t o r  of s a f e t y  can  be  compared t o  a cor responding  c o s t  r e d u c t i o n  i n  

q u a l i f i c a t i o n  t e s t i n g .  

S i z i n g  of s t r u c t u r a l  members f o r  t h e  b a s e l i n e  a i r f r a m e  f o r  a l l  t h r e e  

methods of c o n s t r u c t i o n  u s e s  a  f a c t o r  of s a f e t y  o f  1 . 4 .  Th i s  f a c t o r  o f  s a f e t y  

is  r e p r e s e n t a t i v e  o f  t h e  f a c t o r  s p e c i f i e d  i n  c u r r e n t  c r i t e r i a  documents f o r  manned 

s p a c e c r a f t .  S t r u c t u r a l  c a p a b i l i t y  i s  demonstra ted by q u a l i f i c a t i o n  t e s t i n g  i n  

which test r e s u l t s  are compared t o  c r i t i c a l  d e s i g n  c o n d i t i o n s  s p e c i f i e d  by t h e  

s t r u c t u r a l  d e s i g n  c r i t e r i a .  

Two a d d i t i o n a l  approaches  can be  t aken  i n  manned s p a c e c r a f t  d e s i g n  t o  

r e d u c e  q u a l i f i c a t i o n  t e s t i n g  c o s t s .  These a r e :  1. no q u a l i f i c a t i o n  t e s t i n g ,  and 

2. l i m i t  l o a d  t e s t i n g  o n l y  of t h e  f i r s t  f l i g h t  a r t i c l e .  The former p e r m i t s  

e l i m i n a t i o n  of a l l  c o s t s  a s s o c i a t e d  w i t h  s t r u c t u r a l  q u a l i f i c a t i o n  t e s t i n g  and t h e  

l a t t e r  e l i m i n a t e s  t h e  c o s t  a s s o c i a t e d  w i t h  a s t r u c t u r a l  s t a t i c  test a r t i c l e .  These 

approaches  t o  r e d u c e  q u a l i f i c a t i o n  t e s t  c o s t s  a r e  t h e  accep ted  p r a c t i c e  used by 

t h e  McDonnell Douglas A i r c r a f t  Company. F l i g h t  t e s t i n g  of p r o t o t y p e  a i r c r a f t  

i s  begun upon complet ion of l i m i t  l o a d  t e s t i n g .  F l i g h t  l o a d s  a r e  r e s t r i c t e d  t o  

75% of l i m i t  l o a d  tests. (Equiva len t  t o  50% of d e s i g n  u l t i m a t e  s t r e n g t h . )  Using 

t h i s  approach of l i m i t  l o a d  t e s t i n g  and no s t a t i c  test a r t i c l e  is  e q u i v a l e n t  t o  

u s i n g  a d e s i g n  f a c t o r  of s a f e t y  of 1.4 = 1.85.  When no q u a l i f i c a t i o n  t e s t i n g  i s  
.75 

s p e c i f i e d ,  a n  a d d i t i o n a l  50% s a f e t y  f a c t o r  i s  a p p l i e d .  Th is  r e s u l t s  i n  a d e s i g n  

f a c t o r  o f  s a f e t y  of 1 .85  (1 .5 )  = 2.7 .  For t h i s  s t u d y  a d e s i g n  f a c t o r  of s a f e t y  

o f  3.0 was c o n s e r v a t i v e l y  used.  Tab le  6-8 shows t h e  i n c r e a s e d  f a c t o r  o f  s a f e t y  

r e q u i r e d  f o r  t h e s e  approaches  and t h e  a t t e n d a n t  i n c r e a s e  i n  s t r u c t u r a l  we igh t .  
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Table  6-8 

S a f e t y  F a c t o r  v s  S t r u c t u r a l  T e s t i n g  

Design F a c t o r  of S a f e t y  Required Tes t i n g  Weight F a c t o r  

1 . 4  T o t a l  q u a l i f i c a t i o n  program 1 . 0  

L i m i t  l o a d  t e s t .  No s t a t i c  t e s t  
a r t i c l e .  

3.0 No q u a l i f i c a t i o n  t e s t i n g  r e q u i r e d  1 .60 

6 .2 .4  Primary S t r u c t u r e  S i z i n g  Model - The s i z i n g  model f o r  t h e  p r imary  

s t r u c t u r e  s i z e s  b o t h  t h e  innerbody s h e l l  and r i n g s .  The s h e l l  can  be s i z e d  f o r  

t h r e e  d i s t i n c t  methods of c o n s t r u c t i o n ;  b o t h  t h e  s h e l l  and t h e  r i n g s  can b e  s i z e d  

f o r  f o u r  m a t e r i a l s .  I n  t h e  i n t e g r a l  v e h i c l e s ,  t h e  methods of c o n s t r u c t i o n  

and m a t e r i a l s  c a n  be  v a r i e d  between t h e  compartments f o r  t h e  crew and f o r  t h e  

ca rgo  and p r o p u l s i o n .  These i t ems  a r e  s i z e d  w i t h i n  t h e  program f o r  v a r i o u s  

s e c t i o n s o f  t h e  s p a c e c r a f t ,  based upon t h e  c r i t i c a l  l o a d i n g  condi t ion 's  f o r  

t h a t  s e c t i o n .  Two l o a d i n g  c o n d i t i o n s ,  maximum a i r  l o a d s  d u r i n g  l aunch  and 

touchdown l a n d i n g ,  a r e  checked, Both maximum a i r  load  c o n d i t i o n  (wi th  

i n e r t i a  r e l i e f )  and l a n d i n g  l o a d s  a r e  a  f u n c t i o n  of t h e  mass d i s t r i b u t i o n  of 

t h e  v e h i c l e  ( i . e . ,  l o c a t i o n  and weight  of ca rgo ,  p r o p u l s i o n  systems,  crew e t c . ) .  

I n t e r a c t i o n s  a r e  hand led  by an  i t e r a t i v e  p r o c e s s .  

I n  a d d i t i o n ,  i n c r e m e n t a l  weight  p e n a l t i e s  a r e  added t o  t h e  s t r u c t u r e  

we igh t  t o  account  f o r  h a t c h e s ,  d o o r s ,  windows, f l o o r s ,  s h e l v e s ,  w a l l s ,  

bu lkheads ,  c o n t r o l  s u r f a c e s ,  and f u e l  t a n k s .  These i t ems  a r e  analyzed by u s i n g  

semi-empir ical  methods c o r r e l a t e d  w i t h  e x i s t i n g  hardware.  

6.3 Thermal P r o t e c t i o n  System - The the rmal  p r o t e c t i o n  system m a i n t a i n s  

a c c e p t a b l e  s p a c e c r a f t  t empera tu res  t o  p r e v e n t  s t r u c t u r a l  f a i l u r e s  and t o  

p r e v e n t  o v e r h e a t i n g  of crew and equipment. I tems t h a t  a r e  p r i m a r i l y  h e a t  

p r o t e c t i o n  a r e  d i f f i c u l t  t o  s e p a r a t e  from t h o s e  t h a t  a r e  p r i m a r i l y  l o a d  c a r r y i n g  

s t r u c t u r e .  For t h i s  s t u d y ,  t h e  e n t r y  v e h i c l e  the rmal  p r o t e c t i o n  i s  d e f i n e d  

a s  t h e  o u t e r  s u r f a c e  (meta l  p a n e l  o r  a b l a t o r ) ,  a c t i v e  w a l l  c o o l i n g  system and 

t h e  i n s u l a t i o n .  The o t h e r  s t r u c t u r e  such  a s  r i n g s ,  s t r i n g e r s ,  and i n n e r  l o a d  

c a r r y i n g  w a l l s  a r e  d e f i n e d  a s  s t r u c t u r e  and d i s c u s s e d  i n  S e c t i o n  6 .2 .  The 

the rmal  p r o t e c t i o n  system of t h e  m i s s i o n  module i s  d e f i n e d  a s  t h e  i . n s u l a t i o n  

and a b l a t o r  needed t o  m a i n t a i n  t empera tu re  c o n t r o l .  The space  r a d i a t o r  on t h e  
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m i s s i o n  module, d e f i n e d  as p a r t  of t h e  Environmental  C o n t r o l  and L i f e  Support  

sysCem, i s  d i s c u s s e d  i n  S e c t i o n  6.5. 

6 .3 .1  Thermal P r o t e c t i o n  Requirements - Thermal p r o t e c t i o n  needs depend 

on m i s s i o n  and s p a c e c r a f t  shape.  T h i s  s t u d y  h a s  assumed one m i s s i o n  - l o g i s t i c  

supp ly  of a s p a c e  s t a t i o n  i n  a  n e a r  e a r t h  o r b i t  a s  d i s c u s s e d  i n  S e c t i o n  4 .  

The s p a c e c r a f t  i s  d e f i n e d  t o  c o n s i s t  of t h e  e n t r y  v e h i c l e  and t h e  m i s s i o n  

module. Three  b a s i c  e n t r y  v e h i c l e  shapes ,  a s  d i s c u s s e d  i n  S e c t i o n  5.1, a r e  

c o n s i d e r e d  - a 4 0  deg cone b a l l i s t i c ,  a  60 deg cone b a l l i s t i c  and a  30 deg 

h a l f  cone  (M2-F2 l i f t i n g  body).  Both t h e  e n t r y  v e h i c l e  and m i s s i o n  module must 

b e  t h e r m a l l y  p r o t e c t e d  d u r i n g  a l l  phases  of a  m i s s i o n  - i . e . ,  l aunch  ( i n c l u d e s  

a  normal l aunch  and a n  a b o r t  l a u n c h ) ,  o r b i t ,  and e n t r y .  

C o n s i s t e n t  w i t h  t h e  ground r u l e s ,  o n l y  sys tems which have a  major impact 

on c o s t  a r e  i n c l u d e d .  Exper ience  ga ined  from t h e  Gemini program and Refe rence  

4-1 and Refe rence  4-3 s t u d i e s  h a s  shown ( a )  t h e  the rmal  p r o t e c t i o n  system 

of t h e  e n t r y  v e h i c l e  is a  major c o s t  i t e m  and i s  des igned  by e n t r y  m i s s i o n  

phase ,  (b) t h e  m i s s i o n  module s t r u c t u r e  i s  designed by boos t  l o a d s ,  and t h e  

c o s t  of t h e  m i s s i o n  module the rmal  p r o t e c t i o n  system i s  a  s m a l l  p o r t i o n  of t h e  

t o t a l  m i s s i o n  module c o s t .  These a r e  d i s c u s s e d  below by m i s s i o n  phase.  

Launch - The h e a t i n g  environment d u r i n g  a  nominal l aunch  i s  l e s s  s e v e r e  

t h a n  d u r i n g  e n t r y  because  h i g h  a l t i t u d e s  a r e  reached b e f o r e  t h e  v e h i c l e  i s  

a c c e l e r a t e d  t o  h i g h  speeds .  The m i s s i o n  module i s  designed by maximum launch  

l o a d s  t h a t  occur  e a r l y  i n  t h e  f l i g h t  when tempera tu res  a r e  low (about  200 deg F) .  

Thus, f o r  a nominal l aunch ,  t h e  the rmal  environment h a s  o n l y  a  secondary o r  

l o c a l i z e d  e f f e c t  on t h e  d e s i g n .  

A l aunch  a b o r t  can occur  due t o  a n  exp lod ing  b o o s t e r  e i t h e r  on t h e  pad 

o r  a t  a l t i t u d e .  S t u d i e s  conducted by MDAC f o r  NASA MSC i n d i c a t e  t h a t ,  due 

t o  p a r a c h u t e  t empera tu re  l i m i t a t i o n s  and e n t r y  v e h i c l e  o v e r p r e s s u r e  requ i rements ,  

t h e  emergency e s c a p e  system must be  des igned  t o  avoid  t h e  f i r e b a l l .  Thus, a n  

exp lod ing  b o o s t e r  h a s  no e f f e c t  on t h e  the rmal  p r o t e c t i o n  system. 

High a l t i t u d e  a b o r t  can c a u s e  h e a t i n g  r a t e s  t h a t  a r e  more s e v e r e  t h a n  

d u r i n g  e n t r y .  However, t h e  s e v e r i t y  of t h e  a b o r t  the rmal  environment can  b e  

minimized by t a i l o r i n g  t h e  b o o s t  t r a j e c t o r y .  A f t e r  a  h i g h  a l t i t u d e  a b o r t ,  

t h e  e n t r y  v e h i c l e  i s  n o t  r e u s a b l e .  Thus, t h e  e n t r y  v e h i c l e  which i s  des igned  

f o r  r e u s e  h a s  a n  i n h e r e n t  s t r u c t u r a l  margin  t h a t  can  b e  used d u r i n g  a  h i g h  

a l t i t u d e  a b o r t  where even l o c a l i z e d  f a i l u r e s  a r e  a c c e p t a b l e ,  a s  long a s  t h e  
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crew i s  s a f e l y  recovered .  T h e r e f o r e ,  t h e  p o s s i b l e  s m a l l  e f f e c t s  of h i g h  

a l t i t u d e  a b o r t  on t h e  the rmal  p r o t e c t i o n  system a r e  n o t  cons idered .  

O r b i t  - O r b i t a l  t e m p e r a t u r e  c o n t r o l  is  p r i m a r i l y  accomplished by t h e  

Environmental  Cont ro l  System which c o l l e c t s ,  d i s t r i b u t e s ,  and r e j e c t s  t h e  space- 

c r a f t  h e a t  l o a d .  I f  t h e  s p a c e c r a f t  i s  "shut-down" and s t o r e d  a t  t h e  s t a t i o n  

b e f o r e  r e t u r n i n g  t o  E a r t h ,  the rmal  c o n t r o l  i s  more d i f f i c u l t ;  and can  a f f e c t  

t h e  s p a c e c r a f t  c o n s t r u c t i o n  because  t h e  h e a t  l e a k  through t h e  w a l l  must b e  

minimized.  Th is  can b e  cone by u s i n g  more o r  b e t t e r  i n s u l a t i o n  and s p e c i a l  

c o a t i n g s  ( p a i n t s )  on v a r i o u s  s u r f a c e s .  Both t e c h n i q u e s  a r e  used t o  c o n t r o l  

t e m p e r a t u r e s  d u r i n g  e n t r y .  Using t h e s e  t echn iques  f o r  o r b i t  and e n t r y  the rmal  

c o n t r o l  d i f f e r s  p r i m a r i l y  by degree .  I f  t h e  o r b i t a l  r equ i rement  were e l i m i n a t e d ,  

t h e  h e a t  p r o t e c t i o n  system would n o t  be changed v e r y  much. The s m a l l  

i n c r e m e n t a l  c o s t s  t h a t  r e s u l t  from o r b i t a l  c o n d i t i o n s  a r e  n e g l e c t e d  i n  t h i s  s tudy .  

E n t r y  - The the rmal  c o n t r o l  r equ i rements  d u r i n g  e n t r y  s t r o n g l y  i n f l u e n c e  

e n t r y  v e h i c l e  des ign .  The maximum tempera tu res  de te rmine  t h e  t y p e  of o u t e r  

s u r f a c e  m a t e r i a l .  The the rmal  p r o t e c t i o n  system d e s i g n  must a l s o  c o n s i d e r  t h e  

l a r g e  the rmal  g r a d i e n t s  t h a t  e x i s t  i n  t h e  s t r u c t u r e  because  of non-uniform 

h e a t i n g  r a t e s  and t h e  need t o  keep t h e  " i n s i d e "  a t  f a i r l y  low tempera tu res .  

An impor tan t  f a c t o r  i n f l u e n c i n g  t h e  e n t r y  the rmal  p r o t e c t i o n  system i s  

t h e  s p a c e c r a f t  f l i g h t  p a t h  a n g l e  when e n t e r i n g  t h e  atmosphere ( Y  ). T h i s  a n g l e  
E 

i s  p r i m a r i l y  a  f u n c t i o n  of t h e  o r b i t  a l t i t u d e  and t h e  d e - o r b i t  v e l o c i t y  

increment  used ( i . e . ,  r e t r o g r a d e  system).  The range  of c o n d i t i o n s  be ing  

i n v e s t i g a t e d  r e s u l t s  i n  a  d e s i g n  range  of from -1 aeg t o  -2.5 deg f o r  YE 

assuming a n  i n i t i a l  e n t r y  v e l o c i t y  of 25,900 f t / s e c .  T h i s  range  i s  more t h a n  

adequa te  f o r  o b i t a l  a l t i t u d e  of up t o  300 n a  m i .  Another impor tan t  f a c t o r  

i s  t h e  e n t r y  mode ( i . e . ,  how t h e  s p a c e c r a f t  i s  flown i n  terms of ang le -of -a t t ack  

and bank a n g l e )  . 
The thermal  p r o t e c t i o n  system w i l l  be  des igned f o r  a  wide range  of e n t r i e s  

t h a t  can  b e s t  be  e x p l a i n e d  by r e f e r r i n g  t o  a  t y p i c a l  f o o t p r i n t  a s  shown i n  

F i g u r e  6-8. The h i g h e s t  t o t a l  h e a t  load  i s  produced by a  maximum downrange 

e n t r y  ( p o i n t  number 1 i n  F i g u r e  6-8). The maximum downrange e n t r y  s t a r t s  a t  a  

s h a l l o w  yE n e a r  t h e  s k i p  boundary and t h e  s p a c e c r a f t  i s  flown a t  an  angle-of-  

a t t a c k  t h a t  r e s u l t s  i c  maximum L/D w i t h  no bank a n g l e .  However, because  t h i s  

e n t r y  produces  more range  t h a n  is  u s e f u l  f o r  t h e  M2-F2 shape,  i t  i s  an  u n r e a l -  



VOLUME I1 
BOOK 1 

OPTIMIZED COSST/PEWFORMAC\llCE REPORT NO. ~ 9 7 5  

DESIGN METHODOLOGY 15 APRIL 1969 

i s t i c  d e s i g n  c o n d i t i o n  f o r  t h e  ~2-J?2 .  Thus,  t h e  M2-F2 shape w i l l  b e  des igned  

f o r  t h e  h e a t  l o a d  r e s u l t i n g  from a maximum L / D  e n t r y  w i t h  a 45 deg bank a n g l e  

( p o i n t  number 2 ) .  T h i s  e n t r y  produces  abou t  t h e  maximum p o s s i b l e  l a t e r a l  r a n g e ,  

and y e t  s t i l l  produces  s u f f i c i e n t  downrange c a p a b i l i t y .  The o t h e r  d e s i g n  

c o n d i t i o n s  a r e  t h e  maximum h e a t i n g  r a t e s  t h a t  u s u a l l y  occur  d u r i n g  minimum range  

e n t r i e s  - p o i n t  number 3 which i s  a  z e r o  l i f t  e n t r y ,  and p o i n t  number 4 ,  which 

i s  a  maximum l i f t  e n t r y  w i t h  a . 4 5 .  deg bank a n g l e .  The b a l l i s t i c  shape  w i l l  b e  

des igned  f o r  p o i n t s  number 1 and 3. The z e r o  l i f t  f l i g h t  mode f o r  t h e  b a l l i s t i c  

shape  assumes an  ang le -of -a t t ack  t h a t  cor responds  t o  maximum LID c o n d i t i o n s  and 

Figure 6-8 
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u s e s  bank a n g l e  modulat ion t o  a c h i e v e  a  z e r o  l i f t  e n t r y .  The M2-F2 shape  w i l l  

b e  des igned  f o r  p o i n t s  number 2 and 4. 

6.3 .2  Thermal P r o t e c t i o n  Concepts - Of a l l  t h e  p o s s i b l e  h e a t  p r o t e c t i o n  

concep t s  a v a i l a b l e ,  t h e r e  a r e  o n l y  a few t h a t  a r e  s i g n i f i c a n t  i n  t h i s  s t u d y  - 
a b l a t i v e  and r a d i a t i v e  s h i n g l e / i n s u l a t i o n  concep t s .  Many h e a t  p r o t e c t i o n  

c o n c e p t s  a p p l y  on ly  t o  s m a l l  a r e a s  of t h e  v e h i c l e  o r  a r e  beyond c u r r e n t  

s t a t e - o f - t h e - a r t .  

For  example, t r a n s p i r a t i o n  c o o l i n g  ( i . e . ,  i n j e c t i o n  of a f l u i d  o r  g a s  i n t o  

t h e  v e h i c l e  boundary l a y e r  d u r i n g  e n t r y )  i s  now l i m i t e d  t o  u s e  on small n o s e  

t i p s .  Exper ience  i n d i c a t e s  t h a t  a p p l i c a t i o n  of a  t r a n s p i r a t i o n  system t o  

l a r g e  s u r f a c e  a r e a s  would r e q u i r e  a s i g n i f i c a n t  development program. 

Major problems w i t h  t h i s  h e a t  p r o t e c t i o n  concept  a r e :  

a .  Obta in ing  a known, p r e d i c t a b l e  f low r a t e  through t h e  porous  media 

b .  Determining downstream e f f e c t s  of t h e  i n j e c t e d  s u b s t a n c e  

c .  P r e v e n t i n g  c logg ing  of t h e  porous  media 

A l l  of t h e s e  become more s e v e r e  a s  s u r f a c e  a r e a  i n c r e a s e s .  Also,  as t h e  area 

i n c r e a s e s ,  i t  i s  more d i f f i c u l t  t o  supp ly  t h e  i n j e c t e d  s u b s t a n c e  t o  t h e  b a c k s i d e  

of t h e  porous  media a t  t h e  r a t e  needed. 

The magni tude of t h e  development program needed t o  app ly  t r a n s p i r a t i o n  t o  

l a r g e  a r e a s  i s  u n p r e d i c t a b l e  because  of t h e  v a r i o u s  unknowns. Thus, t r a n s p i r a t i o n  

c o o l i n g  sys tems  used i n  t h e  n e a r  f u t u r e  w i l l  probably  b e  l i m i t e d  t o  s m a l l  

s u r f a c e  areas and a r e  of l i t t l e  s i g n i f i c a n c e  f o r  t h i s  s t u d y .  S i m i l a r  arguments 

a p p l y  t o  h e a t  p r o t e c t i o n  concep t s  such  a s :  

a .  Ceramic T i l e s  - Thermal shock problems 

b .  M e t a l l i c  A b l a t o r s  - Shape change and downstream e f f e c t s  

The most impor tan t  h e a t  p r o t e c t i o n  concep t s  f o r  t h i s  s t u d y  a r e  r a d i a t i v e  

s h i n g l e j i n s u l a t i o n  systems and non-meta l l i c  a b l a t o r s .  The r a d i a t i v e  s h i n g l e /  

i n s u l a t i o n  system u s u a l l y  c o n s i s t s  of t h i n  m e t a l  p a n e l s  t h a t  a r e  a t t a c h e d  t o  

a s t r u c t u r a l  s h e l l .  Between t h e s e  p a n e l s  and t h e  s t r u c t u r a l  s h e l l  a r e  connec t ing  

s t r u c t u r e  and i n s u l a t i o n  b l a n k e t s .  These a r e  a r ranged  t o  g i v e  t h e  r e q u i r e d  

s t r e n g t h  and t h e  minimum h e a t  f low.  S i n c e  t h e  h e a t  f low through t h e  w a l l  is  

minimized,  t h e  r a d i a t i v e  s h i n g l e s  become h o t  and r a d i a t e  most of t h e  h e a t  e n t r y  

l o a d  t o  space .  The l i m i t i n g  f a c t o r  i s  t h e  maximum a l l o w a b l e  t empera tu re  of t h e  
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p a n e l .  T h i s  t empera tu re  i s  a  f u n c t i o n  of m a t e r i a l ,  and t h e  number of r e u s e s  

a l lowed.  The a b l a t i v e  sys tem c o n s i s t s  of a n  a b l a t o r  bonded t o  a  f i b e r g l a s s  

o r  m e t a l  s t r u c t u r e  t h a t  c a r r i e s  much of t h e  s t r u c t u r a l  l o a d .  For t h e  h e a t i n g  

environment expec ted  f o r  a  l o g i s t i c  m i s s i o n ,  t h e  r a d i a t i v e  s h i n g l e  sys tem i s  

des igned  p r i m a r i l y  by t h e  maximum h e a t i n g  r a t e ;  t h e  a b l a t i v e  system i s  

des igned  by t h e  t o t a l  h e a t  l o a d .  

Choices  between t h e s e  two systems have h i s t o r i c a l l y  been based on a 

weight  comparison.  Usua l ly ,  t h e  r a d i a t i v e  s h i n g l e  concept  i s  l i g h t e s t  u n t i l  

maximum t e m p e r a t u r e s  expected g e t  near  t h e  maximum a l l o w a b l e  t empera tu re  of t h e  

s e l e c t e d  metal.. The t y p i c a l  weight  comparison of t h e  two concep ts  i s  shown 

i n  F i g u r e  6-9. T h i s  c h a r t  i s  based on work done i n  Reference 4-3 s t u d y ,  w i t h  no 

change i n  t h e  assumed s t a t e - o f - t h e  a r t ,  and i n c l u d e s  s h i n g l e s  o r  a b l a t o r  p l u s  

i n s u l a t i o n  and backup s t r u c t u r e .  The s h i n g l e  we igh t s  assume a s i n g l e  s k i n ,  

opened-faced,  c o r r u g a t e d  sandwich c o n s t r u c t i o n .  T h i s  c o n s t r u c t i o n  i s  

d i s u u s s e d  i n  more d e t a i l  i n  S e c t i o n  6.2. Only one a b l a t o r  is  shown - a  

McDonnell Douglas developed low-density a b l a t o r ,  t h e  S-20T. The a b l a t o r  

w e i g h t s  assume a  b o n d l i n e  t empera tu re  of 800 deg F  maximum. These w e i g h t s  a r e  

based on maximum LID f l i g h t  w i t h  no bank a n g l e  and depend on v e h i c l e  shape ,  

a s  t r a n s i t i o n  from laminar  t o  t u r b u l e n t  f low i s  inc luded .  No r e u s e  c a p a b i l i t y  

i s  assumed. 

There  are many a b l a t o r s  which cou ld  b e  used ,  w i t h  t h e  s e l e c t i o n  r a n g i n g  

from t h e  f l i g h t  q u a l i f i e d  Gemini and Apol lo  m a t e r i a l s  t o  new n o n q u a l i f i e d  

p r o d u c t s .  Recent advances  i n  technology have shown t h e  p o t e n t i a l  advan tages  of 

u s i n g  a  new, r e l a t i v e l y  low-density a b l a t o r  f o r  p r o t e c t i o n  from thermal  

environments  expec ted  f o r  a l o g i s t i c  miss ion .  The S-20T mentioned above i s  t h e  

l a t e s t  i n  a  l o n g  s e r i e s  of such  m a t e r i a l s  be ing  developed by McDonnell. T h i s  

m a t e r i a l  i s  r e p r e s e n t a t i v e  of t h e  many low-densi ty  a b l a t o r s  now be ing  developed 

th roughout  t h e  a e r o s p a c e  i n d u s t r y .  It was compared w i t h  f l i g h t - q u a l i f i e d  

a b l a t o r s  f o r  p o s s i b l e  u s e .  A b l a t o r  performance was compared u s i n g  a n  e m p i r i c a l  

h e a t i n g  paramete r  which h a s  been s u c c e s s f u l l y  used t o  c o r r e l a t e  t e s t  d a t a :  

( t o t a l  h e a t )  'I8 x  ( heat ins  time)318, Refe rence  6-5. The weight  advan tage  of t h e  

low d e n s i t y  a b l a t o r  i s  i n d i c a t e d  i n  F i g u r e  6-10. A  comparison of m a t e r i a l  

f o r m u l a t i o n s  and manufac tu r ing  t e c h n i q u e s  f o r  t h e  McDonnell Douglas "S" s e r i e s  of 

a b l a t o r s  i n d i c a t e s  l i t t l e  manufactur ing d i f f e r e n c e s .  
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Figure 6-10 

ABLATOR MATERIAL COMPARISON 

Plasma-Jet Test Data 

10 20 30 40 50 60 70 

(Total Heat input -~ tu / f t * )  x (Entry ~ i r n e - ~ e c ) ~ / ~  

(Total Heat Input - Kg - ~alories/,Z)~/~ x (Entry Time- ~ e c ) ~ / ~  
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The major f a c t o r  i n  c o s t  i s  t h e  c u r i n g  method. Many of t h e  "S" s e r i e s  

m a t e r i a l s  r e q u i r e  an  a u t o c l a v e  t o  c u r e  a t  t h e  p r o p e r  p r e s s u r e  and t empera tu re .  

However, because  S-20T w i l l  c u r e  a t  room c o n d i t i o n s ,  i t  i s  t h e  cheapes t  of t h e  
I t  I t  S  s e r i e s  m a t e r i a l s .  The performance of t h e  "S" m a t e r i a l s  is s e v e r e l y  reduced 

i f  s i g n i f i c a n t  s u r f a c e  r e c e s s i o n  occurs .  However, t h e  thermal  environment 

expected f o r  l o g i s t i c  s p a c e c r a f t  w i l l  n o t  b e  s e v e r e  enough t o  c a u s e  much s u r f a c e  

r e c e s s i o n .  S i n c e  i t  is  b o t h  t h e  l i g h t e s t  and c h e a p e s t  "S" s e r i e s  a b l a t o r ,  o n l y  

t h e  S-20T a b l a t o r  w i l l  b e  cons idered  i n  t h i s  s t u d y .  

The the rmal  h e a t  p r o t e c t i o n  system n o t  o n l y  l i m i t s  t h e  s t r u c t u r a l  s h e l l  

t empera tu re  t o  a  v a l u e  t h a t  i s  c o n s i s t e n t  w i t h  s t r e n g t h  requ i rements ,  i t  a l s o  

must m a i n t a i n  the rmal  c o n t r o l  of crew and equipment. The c a b i n  can b e  p r o t e c t e d  

by p a s s i v e  means, such  a s  i n s u l a t i o n ,  o r  a c t i v e l y  by a  "coolant"  loop .  I n  t h e  

p a s s i v e  t e c h n i q u e  i n s u l a t i o n  is  used t o  p r o v i d e  t h e  t empera tu re  d rop  between 

t h e  o u t s i d e  of t h e  s p a c e c r a f t  and t h e  c a b i n  w a l l .  But $ a s s i v e  t echn iques  a r e  

h e a v i e r  and need more volume t h a n  does  a  combinat ion of p a s s i v e  and a c t i v e  

sys tems.  Because t h e  a l l - a c t i v e  approach i s  q u i t e  heavy and i s  i m p r a c t i c a l  f o r  

t h i s  l o g i s t i c  m i s s i o n ,  o n l y  p a s s i v e  and p a s s i v e / a c t i v e  concep t s  a r e  c o n s i d e r e d .  

A r e l a t i v e  comparison of a c t i v e  and p a s s i v e  sys tems i s  shown i n  F i g u r e  6-11. 

There  a r e  many " a c t i v e "  concep t s  t h a t  could  b e  cons idered .  A l l  approaches  

i n t e r c e p t  t h e  h e a t  b e f o r e  i t  r e a c h e s  t h e  i n s i d e  of t h e  c a b i n  and d i s s i p a t e  i t  

by a  m a t e r i a l  phase  change ( u s u a l l y  b o i l i n g ) .  Three  b a s i c  methods a r e  compared 

i n  T a b l e  6-9. The open-loop porous t u b e  concept  i s  chosen f o r  t h i s  s t u d y ,  as i t  

i s  t h e  l i g h t e s t  approach t h a t  i s  s t i l l  r e f u r b i s h a b l e .  Th i s  concept  h a s  been 

demonstra ted by ground t e s t s  a t  McDonnell Douglas b u t  h a s  n o t  y e t  been 

v e r i f i e d  i n  a complete  "system" t e s t .  

The major  t r a d e - o f f  t o  be  cons idered  f o r  the rmal  p r o t e c t i o n  systems i s  

whether  t o  u s e  a b l a t o r s ,  r a d i a t i v e  s h i n g l e s ,  o r  some of each.  The c r i t i c a l  

parameter  i s  t h e  maximum a l l o w a b l e  s h i n g l e  t empera tu re .  Above t h e s e  t e m p e r a t u r e s ,  

a b l a t o r s  w i l l  b e  used f o r  each a l t e r n a t e  ( a l l o w a b l e  t empera tu re )  c a s e .  The u s e  

of a  p a s s i v e  i n n e r  s h e l l  c o o l i n g  system i n s t e a d  of a  combination p a s s i v e / a c t i v e  

sys tem w i l l  a l s o  b e  c o n s i d e r e d .  The a l t e r n a t e s  a r e  named i n  Tab le  6-10. 

I n s u l a t i o n  d e n s i t i e s ,  a b l a t o r  b o n d l i n e  t e m p e r a t u r e s ,  and s t r u c t u r a l  t e m p e r a t u r e s  

w i l l  n o t  b e  v a r i e d  i n  t h i s  s t u d y .  
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Figure 6-11 
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Table 6-9 

COMPARISON OF INTERNAL STRUCTURAL COOLING SYSTEMS 
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evaporates in 

o Self regulation 

3. Orbital 
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o Water loss in o must be filled 
prior to descent to fill tubes 
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heat protection protection removal 
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Thermal P r o t e c t i o n  System Concepts Summary 

REPORT NO. G975 
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Concept I Maximum Allowable  
No. Temperature -OF 

TP S- 1 

TPS-2 

TPS-3 

TPS-4 

TPS-5* 

TPS-6 

TPS-7 

TP S- 8 

TP S- 9 

TPS-10 

TPS-ll** 

TPS-12 

k B a s e l i n e  ( 

400 

1200 

1600 

2400 

3100 

3500 

400 

1200 

1600 

2400 

3100 

3500 

bncept f o r  b a l l i s t i c  v 

I n n e r  S h e l l  

P a s s i v e  

P a s s i v e  

P a s s i v e  

P a s s i v e  

P a s s i v e  

P a s s i v e / A c t i v e  

P a s s i v e / A c t i v e  

Yes 

Yes 

Yes 

Yes 

No 

Yes 

Y e s  

i c l e s  

V e h i c l e  
A p p l i c a t i o n  

A l l  

A l l  

A l l  

A1 1 

A l l  

A l l  

A l l  

A l l  

A l l  

A1 1 

A1 1 

A l l  

** B a s e l i n e  c o n c e i t  f o r  L i f t i n g  Body V e h i c l e s  

6 .3 .3  B a s e l i n e  Thermal P r o t e c t i o n  System - There  a r e  two b a s i c  the rmal  

p r o t e c t i o n  b a s e l i n e s  - one f o r  t h e  b a l l i s t i c  shapes  and one f o r  t h e  M2-F2 

l i f t i n g  body. The b a s e l i n e  d e f i n i t i o n  i n c l u d e s  t h e  h e a t i n g  environment/  

d i s t r i b u t i o n  abou t  t h e  v e h i c l e  and t h e  m a t e r i a l s  used t o  p r o t e c t  t h e  v e h i c l e .  

The h e a t i n g  environment expec ted  f o r  a  l o g i s t i c  m i s s i o n  was d i s c u s s e d  i n  

S e c t i o n  6 . 3 . 1  i n  t e rms  o f  m i s s i o n  paramete rs .  However, s p a c e c r a f t  shape  a l s o  

a f f e c t s  t h e  h e a t i n g  environment.  

Hea t ing  rate d i s t r i b u t i o n s  abou t  t h e  b a l l i s t i c  shapes  a r e  based on test  

d a t a  from t h e  Gemini and Apol lo  programs. The h e a t i n g  r a t e  d i s t r i b u t i o n  assumed 

on t h e  b a l l i s t i c  b l u n t  h e a t s h i e l d  i s  shown i n  F i g u r e  6-12 and 6-13. Both 

f i g u r e s  assume a  h e a t s h i e l d  r a d i u s  of c u r v a t u r e  t o  b a s e  d iamete r  r a t i o n  o f  1 . 6  

- t h e  same r a t i o  as Gemini. The h e a t i n g  d i s t r i b u t i o n  on t h e  c o n i c a l  s e c t i o n  i s  

shown i n  F i g u r e s  6-14 and 6-15. These d a t a  assume laminar  f low on a l l  s u r f a c e s .  

Gemini f l i g h t  d a t a  i n d i c a t e d  t r a n s i t i o n  from laminar  t o  t u r b u l e n t  f low d i d  occur  

on t h e  Gemini c o n i c a l  s e c t i o n .  However, t h e  r e s u l t i n g  t u r b u l e n t  h e a t i n g  was 

l e s s  s e v e r e  t h a n  t h a t  p r e d i c t e d  u s i n g  t h e  l aminar  wind t u n n e l  d a t a  of F i g u r e s  
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6-12 th rough  6-15. P r e l i m i n a r y  Apol lo  f l i g h t  d a t a  a l s o  i n d i c a t e  t u r b u l e n t  

f low t h a t  was no h o t t e r  t h a n  t h a t  p r e d i c t e d  from t e s t  d a t a .  Because t h e  

p r e d i c t i o n  o f  t r a n s i t i o n  on b a l l i s t i c  shapes  i s  extremely u n c e r t a i n ,  and s i n c e  

t h e  r e s u l t i n g  e f f e c t  on b a l l i s t i c  t h e r m a l  p r o t e c t i o n  may n o t  b e  of major 

impor tance ,  b a l l i s t i c  shapes  a r e  assumed t o  exper ience  o n l y  l aminar  f low. 

The h e a t i n g  r a t e  d i s t r i b u t i o n  abou t  most of t h e  M2-F2 l i f t i n g  body i s  

based  on  s h a r p  cone h e a t  t r a n s f e r  t h e o r y .  This  approach i s  c o n s e r v a t i v e  a s  

t h e  t e s t  d a t a  from Refe rence  6-6 i n d i c a t e s  t h a t  b l u n t  body t h e o r y  more n e a r l y  

c o r r e l a t e s  t h e  d a t a .  The s h a r p  cone p r e d i c i t i o n s  a r e  based on work done by 

Hankey and Neumann (Reference 6-7). The leeward s u r f a c e  h e a t i n g  was p r e d i c t e d  

from a n  e m p i r i c a l  c o r r e l a t i o n  of ASSET wind t u n n e l  and f l i g h t  d a t a  f o r  

s e p a r a t e d  flow. The s t a g n a t i o n  p o i n t  h e a t i n g  i s  e s t i m a t e d  from t h e  D e t r a ,  

Kemp, and R i d d l e  e m p i r i c a l  e q u a t i o n .  Heat ing r a t e s  on t h e  f i n s  and f l a p s  

were  based on McDonnell Douglas t e s t  d a t a  t h a t  a g r e e s  w i t h  t h e  d a t a  i n  

Refe rence  6-6 .  The a c t u a l  e q u a t i o n s  a r e  d i s c u s s e d  i n  c o n n e c t i o n  w i t h  t h e  

s i z i n g  model t h a t  i s  p a r t  of t h e  o v e r a l l  o p t i m i z a t i o n  model d e s c r i p t i o n  

(Volume 111) .  

The s t r u c t u r a l  arrangement on which t h e  the rmal  p r o t e c t i o n  system is  

based i s  shown i n  F i g u r e  6-16. The concept  a s  shown assumed a combination 

p a s s i v e / a c t i v e  c o o l i n g  system f o r  t h e  i n n e r  s t r u c t u r a l  s h e l l ,  The s t r a i g h t  

p a s s i v e  sys tem i s  s i m i l a r  b u t  does  n o t  have t h e  c o l l i n g  w a t e r  passages .  S e v e r a l  

impor tan t  f e a t u r e s  of t h e  sys tem a r e :  

a .  Hard I n s u l a t i o n  - The h a r d ,  l o a d  c a r r y i n g  i n s u l a t i o n  i s  Min K 1301. 

Dens i ty  = 20 l b / f t  
3 

b.  F i b r o u s  I n s u l a t i o n  - The non-load c a r r y i n g  i n s u l a t i o n  i s  R e f r a s i l  

A-100. Dens i ty  = 4 l b / f t  
3 

c .  800 deg F Bondl ine  - The a b l a t o r  i s  s i z e d  t o  l i m i t  t h e  bondl ine  t o  a 

maximum tempera tu re  of 800 deg F. Th is  is  t h e  maximum a l l o w a b l e  

t empera tu re  f o r  c u r r e n t  s t a t e - o f - t h e - a r t  a d h e s i v e s .  I n c r e a s i n g  t h i s  

t empera tu re  w i l l  r educe  a b l a t o r  we igh t s  b u t  a l s o  w i l l  i n c r e a s e  

s t r u c t u r a l  we igh t s .  Thus, t h e  s l i g h t  d e c r e a s e  i n  t o t a l  weight  t h a t  

r e s u l t s  i s  n o t  c o n s i d e r e d  worth  t h e  expense of deve lop ing  a new 

a d h e s i v e  . 
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d. 200 deg. F Inner Shell - The cooling system (passive or passive/active) for 
the inner body structural shell will limit the maximum shell temperature to 

200 deg F and to 2400 deg F for the fixed fin primary structure. This is a 

localized maximum value and the area average maximum will be lower. 

Both baseline thermal protection systems have a maximum allowable temperature 

of 3100 deg F. 

In determining the reliability of the thermal protection system all materials 

are assumed to be of equal reliability, and can function within the temperature 

regions of the spacecraft. The system reliability is then dependent upon 

system complexity, re: number of working components (such as pumps and regulators 

in an active system) and the number of joints, fasteners, and fitting included 

in the design. It is estimated that the minimum design reliability (i.e., 

the most complex system) exceeds the maximum reliability requirement by at 

least one order of magnitude. 

Radiative Protection 

Cooling System Concept Estimated Reliability 

Passive .999999 

6.3.4 Thermal Protection Sizing Model - The sizing model can estimate 
either a radiative or an ablative system backed up by insulation and water.. 

In the higher temperature regime, a choice of molydbenum or columbium for one 

or five reuses is available. The inputs are generated by a simplified entry 

profile for the vehicle, based upon the initial entry angle, vehicle LID, 

and W/S. The routine then computes velocity, density, and altitude for the time 

increments along the trajectory. The temperature routine uses Hankey-Neumann 

modified methods and a correlated Eckerts Reference Enthalpy method. This 

routine computes heating rates, total heat, and temperature for up to 27 

points on the vehicle. The thermal protection routine converts this input to 

weight. 
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Figure 6-12 
CONVECTIVE HEATING ON BLUNT HEAT SHIELD 

Angle of Attack - Degrees 
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Figure 6-13 
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Figure 6-14 

HEATING ON WINDWARD CONICAL SECTIQN - 

Local  Flow Deflect ion Angle (A) -Degrees 



CIRCUMFERENTIAL HEATING DISTRIBUTION ON CONICAL SECTION 

Angle Around Vehicle (4) - Degree 
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STRUCTURAL - HEAT PROTECVON SYSTEMS Figure 6-16 

RAB!ATIVE HEAT PROTECTIQN AND SUPPORT STRUCTURE 

ABLATIVE HEAT PROTECT ION AND SUPPORT STRUCTURE 

Stiffened Shell 
A---l 

A-A 

\- ~ b l a t i v e l  
Material 
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6.4  S p a c e c r a f t  P r o p u l s i o n  - Accomplishing t h e  many d i f f e r e n t  maneuvers,  

of a  manned l o g i s t i c s  m i s s i o n  r e q u i r e s  a  s i g n i f i c a n t  amount of p r o p u l s i o n  

c a p a b i l i t y  on board t h e  s p a c e c r a f t .  A s  d i s c u s s e d  i n  S e c t i o n  4 . ,  t h e  f o l l o w i n g  

t y p e s  of maneuvers must be  performed, 

1. Launch Escape (Low and h i g h  a l t i t u d e )  

2. Upper S t a g e  Boost (Vehic le  c o n f i g u r a t i o n s  D,  E ,  and F  on ly)  

3 .  O r b i t a l  Maneuvers (Ascent ,  docking,  a t t i t u d e  c o n t r o l ,  phasing,  and 

d e - o r b i t )  

4.  E n t r y  A t t i t u d e  C o n t r o l  

5. Landing A s s i s t  

Due t o  t h e  c o n s i d e r a t i o n  of number and s i z e ,  p r o p u l s i o n  systems e x e r t  a  major  

i n f l u e n c e  on s p a c e c r a f t  c o s t  and weigh t .  The l a r g e  number of p o t e n t i a l  d e s i g n  

concep t s  a s s o c i a t e d  w i t h  each p r o p u l s i o n  system i s  a l s o  a n  impor tan t  f a c t o r .  

Cons ider ing  1 2  s p a c e c r a f t  c o n f i g u r a t i o n s  and a  cargo r a n g e  from 20,000 t o  

200,000 pounds r e s u l t s  i n  many p o s s i b l e  d e s i g n  concep t s ,  each having d i f f e r e n t  

weight  and c o s t  c h a r a c t e r i s t i c s .  To avoid  e v a l u a t i o n  of a n  e x c e s s i v e  number of 

a l t e r n a t e  concep t s  i n  Task 6 ,  a  l i m i t e d  number of t y p i c a l  d e s i g n s  must b e  

e s t a b l i s h e d .  T h e r e f o r e ,  a  p r e l i m i n a r y  e v a l u a t i o n  i s  performed f o r  each of t h e  

above maneuvers t o  e s t a b l i s h  t h e  s p e c i f i c  performance requ i rements  ( t h r u s t  

l e v e l ,  t o t a l  impulse ) ;  t o  i d e n t i f y  s e v e r a l  a l t e r n a t e  sys tem concep ts  ( p r o p e l l a n t  

t y p e ,  sys tem arrangement ,  major component d e s i g n  c h a r a c t e r i s t i c s ) ;  and t o  

d e s c r i b e  a b a s e l i n e  p r o p u l s i o n  system. The d a t a  a r e  a l s o  used a s  t h e  b a s i s  f o r  

checkout  and m o d i f i c a t i o n ,  a s  r e q u i r e d ,  of t h e  s i z i n g  r e l a t i o n s h i p s  used i n  t h e  

s p a c e c r a f t  s i z i n g  model and t o  i d e n t i f i y  system components f o r  which vendor 

c o s t  d a t a  i s  needed t o  s u p p o r t  development of t h e  c o s t  model. 

The s p e c i f i c  system performance requ i rements  ( t h r u s t  l e v e l  and t o t a l  

impulse)  are p r e d i c a t e d  on p r e l i m i n a r y  e s t i m a t e s  of v e h i c l e  s i z e  and shape  and 

t h e  g e n e r a l  l e v e l  of performance r e q u i r e d  by each maneuver. The geometry and 

mass p r o p e r t i e s  f o r  each v e h i c l e  c o n f i g u r a t i o n  a r e  d e s c r i b e d  i n  S e c t i o n  5 .2 .  

The maneuver performance requ i rements  of t h r u s t  t o  weight  (F/W), v e l o c i t y  

increment  (Av), t o t a l  impulse  t o  weight  ( I ~ / w ) ,  and a n g u l a r  a c c e l e r a t i o n  ( a )  

a r e  d i s c u s s e d  i n  S e c t i o n  4. These requ i rements  a r e  summarized i n  Table  6-11. 

The t h r u s t  l e v e l  and t o t a l  impulse  requ i rements  a r e  summarized i n  

T a b l e s  6-12 and 6-13; t h e  i n d i c a t e d  performance range r e f l e c t s  t h e  e f f e c t  of 

c a r g o  q u a n t i t y  v a r i a t i o n .  A summary of t h e  recommended b a s e l i n e  system 
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c o n f i g u r a t i o n s  i n  shown i n  T a b l e s  6-1 and 6-2. 

A  d i s c u s s i o n  of t h e  performance,  a l t e r n a t e  c o n c e p t s ,  and b a s e l i n e  sys tem 

d e s c r i p t i o n  f o r  each of t h e  above maneuvers f o l l o w s .  A b r i e f  d e s c r i p t i o n  of 

t h e  p r o p u l s i o n  s i z i n g  model and t h e  r e s u l t s  of a p r o p u l s i o n  r e l i a b i l i t y  

assessment  a r e  a l s o  i n c l u d e d .  

TABLE 6-11 

MINIMUM PERFORMANCE REQUIREMENTS - PROPULSION 

H I G H  ALTITUDE 

ATTITUDE 

( a )  V e h i c l e  I I / A , B  o n l y  

(b )  V e h i c l e s  I /D,E,F and I I /D ,E ,F  o n l y  

( c )  V e h i c l e s  I / D , E , F  o n l y  

(d)  V e h i c l e s  I1 o n l y  

( e )  V e h i c l e s  I o n l y  

( f )  V e h i c l e  I ,  S i n g l e  Re turn  S i t e  o n l y  
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TABLE 6-12 

SUMMARY - PROPULSION SYSTEM THRUST LEVEL REQUIREMENTS 

Thrust at Minimum CargoIThrust at Maximum Cargo (Thousands of Pounds) 

11 A/B 11 c 

Launch Escape 

Low Altitude 

Docking (FwdIAft) 

Attitude Control 

2.8/7.7 3.4110.0 6.3/26.0 

Landing Assist 

* Attitude Control thrust levels determined in Task 6. 
Order of magnitude range estimated at 100 to 5000 Lbs. 
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6 .4 .1  Launch Escape P r o p u l s i o n  - A l aunch  escape  system i s  r e q u i r e d  on 

a l l  v e h i c l e  c o n f i g u r a t i o n s  t o  p r o v i d e  s a f e  crew removal if a l a u n c h  v e h i c l e  f a i l u r e  

o c c u r s .  Th i s  c a p a b i l i t y  must be  provided d u r i n g  t h e  e n t i r e  l a u n c h  t r a j e c t o r y .  

S p e c i f i c  system performance requ i rements ,  a  d i s c u s s i o n  of a l t e r n a t e  uesigrl  con- 

c e p t s ,  and a d e s c r i p t i o n  of t h e  b a s e l i n e  sysrem f o l l o w .  

6.4.1.1 Launch Escape Performance Requirements - The l a u n c h  e s c a p e  

p r o p u l s i o n  f u n c t i o n  c o n s i s t s  of two s e p a r a t e  maneuvers: low a l t i t u d e  e s c a p e  

and h i g h  a l t i t u d e  escape .  The low a l t i t u d e  maneuver is  a p p l i c a b l e  t o  t h a t  

p a r t  of t h e  l aunch  t r a j e c t o r y  beg inn ing  when t h e  v e h i c l e  i s  on t h e  pad,  and 

c o n t i n u i n g  through t h e  f l i g h t  u n t i l  t h e  dynamic p r e s s u r e  h a s  reduced t o  a  low 

v a l u e  (about  1 . 0  p s f ) .  High a l t i t u d e  escape  a p p l i e s  t o  t h e  remainder  of t h e  

l aunch  t r a j e c t o r y  ( th rough  i n i t i a l  o r b i t  i n s e r t i o n ) .  As performance r e q u i r e -  

ments f o r  t h e s e  two maneuvers d i f f e r  s i g n i f i c a n t l y ,  t h e y  a r e  c o n s i d e r e d  

s e p a r a t e l y .  

Low A l t i t u d e  Escape - The p r o p u l s i o n  performance requ i rements  f o r  t h i s  

maneuver a r e  c h a r a c t e r i z e d  by h i g h  t h r u s t  l e v e l s ,  r e l a t i v e  t o  t h e  t o t a l  

impulse  r e q u i r e d ,  and,  t h e r e f o r e ,  s h o r t  b u r n  t imes  (Q 2 seconds) .  T h r u s t  l e v e l  

r equ i rements  a r e  s e t  by t h e  n e c e s s i t y  t o  "outrun" t h e  o v e r p r e s s u r e  wave gener-  

a t e d  by a s e a  l e v e l  e x p l o s i o n  of t h e  l aunch  v e h i c l e  and by t h e  amount of f o r c e  

needed t o  s e p a r a t e  from t h e  l aunch  v e h i c l e  a t  maximum dynamic p r e s s u r e .  The 

t o t a l  impulse  r e q u i r e m e n t s  a r e  based on a n  off-the-pad excape w i t h  t h e  

magni tudes  b e i n g  s e t  by t h e  a l t i t u d e  needed f o r  p a r a c h u t e  deployment and t h e  

s e p a r a t i o n  d i s t a n c e  n e c e s s a r y  t o  escape  t h e  f i r e  b a l l .  A f a s t  r e s p o n s e  t i m e  

i s  a l s o  needed (Q 100  m i l l i s e c o n d s )  because  t h e  t i m e  i n t e r v a l  between d e t e c t i o n  

of a n  impending l a u n c h  v e h i c l e  f a i l u r e  and i t s  a c t u a l  occurance i s  ex t remely  

s h o r t .  

T h r u s t  l e v e l  and t o t a l  impulse  requ i rements  f o r  low a l t i t u d e  e s c a p e  a r e  

shown i n  F i g u r e  6-17 and 6-18 a s  a  f u n c t i o n  of t h e  t o t a l  e scape  weight .  As 

d i s c u s s e d  i n  S e c t i o n  4.3, when t h e  e n t i r e  l i f t i n g  body s p a c e c r a f t  i s  used a s  

t h e  e s c a p e  v e h i c l e ,  t h e  t o t a l  impulse  requ i rements  a r e . r e d u c e d  s i n c e  t h e  g l i d i n g  

c a p a b i l i t y  of t h e  v e h i c l e  can be  used f o r  a d d i t i o n a l  range.  The t o t a l  e s c a p e  

weight  c o n s i s t s  of t h e  crew module escape weight  p l u s  t h e  weight  of t h e  l a u n c h  

e s c a p e  p r o p u l s i o n  systems.  For modular v e h i c l e s ,  t h e  crew module escape  weight  

i s  i d e n t i c a l  t o  t h a t  of t h e  e n t r y  v e h i c l e .  For i n t e g r a l  v e h i c l e s ,  hawever, t h e  

crew module escape  weigh t  cor responds  t o  t h a t  of a n  escape  c a p s u l e  (Reference 
1 08 
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S e c t i o n  5 -  2) 9 

High A l t i t u d e  Escape - The p r o p u l s i o n  performance requ i rements  f o r  h i g h  

a l t i t u d e  e s c a p e  a r e  much l e s s  t h a n  f o r  t h e  low a l t i t u d e  maneuver. The ambient  

p r e s s u r e  i s  v e r y  low, s u b s t a n t i a l l y  reduc ing  t h e  p r o p a g a t i o n  of t h e  f i r e  b a l l  

and o v e r p r e s s u r e  wave. The t h r u s t  l e v e l  r e q u i r e d  i s  t h a t  needed t o  s e p a r a t e  

and t o  maneuver away from a  tumbling l a u n c h  v e h i c l e .  The t o t a l  impulse  

r e q u i r e d  i s  t h a t  n e c e s s a r y  f o r  d e - o r b i t  from 100 na  m i  s i n c e  t h e  escape  maneu- 

v e r  could  occur  n e a r  t h e  end of t h e  l aunch  t r a j e c t o r y  and r e s u l t  i n  i n a d v e r t a n t  

o r b i t  i n s e r t i o n .  

The t h r u s t  l e v e l  and t o t a l  impulse  r e q u i r e d  f o r  h i g h  a l t i t u d e  e s c a p e  

a r e  shown i n  F i g u r e s  6-19 and 6-20. The d i s c u s s i o n  of excape weight  composi- 

t i o n ,  p r e s e n t e d  i n  S e c t i o n  6.2.1.1, i s  a l s o  a p p l i c a b l e .  

LOW ALTITUDE ESCAPE 
THRUST LEVEL REQUIREMENTS 

Figure 6-17 

Total Escape Weight - 10' Lb 

0 5 10 

Total Escape Weight - lo3 Kgm 
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Figure 6-18 
LOW ALTITUDE ESCAPE 

TOTAL IMPULSE REQUIREMENTS 

Total Escape Weight - lo3 Lb 

0 5 10 15 20 

Total Escape Weight - 1 h i n  Figure 6-19 

HIGH ALTITUDE ESCAPE 
THRUST LEVEL REQUIREMENTS 

Total Escape Weight - lo3 Lb 

0 5 10 15 

Total Escape Weight - lo3 Kgm 
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Figure 6-20 

HIGH ALTITUDE ESCAPE 
TOTAL IMPULSE REQUIREMENTS 

0 10 20 30 40 

Total Escape Weight - lo3 Lb 

Total Escape Weight - lo3 Kgm 
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A requ i rement  f o r  a t t i t u d e  c o n t r o l  i s  a l s o  a s s o c i a t e d  w i t h  t h e  h i g h  

a l t i t u d e  escape  maneuver. T h i s  r e s u l t s  from t h e  n e c e s s i t y  t o  perform a n  e n t r y  

maneuver f o l l o w i n g  e s c a p e  from t h e  l aunch  v e h i c l e .  Thus, a  p r o p u l s i o n  system 

i s  needed t o  o r i e n t  t h e  escape  v e h i c l e  p r i o r  t o  e n t e r i n g  t h e  s e n s a b l e  atmos- 

p h e r e  and f o r  a n g u l a r  c o n t r o l  of t h e  v e h i c l e  d u r i n g  a tmospher ic  f l i g h t .  

P r o p u l s i o n  performance requ i rements  f o r  t h i s  maneuver a r e  t h e  same a s  t h o s e  

f o r  t h e  normal e n t r y  maneuver (Reference S e c t i o n  6 .2 .4) .  These  requ i rements  

a r e  s i g n i f i c a n t  o n l y  f o r  i n t e g r a l  v e h i c l e s  where a n  e s c a p e  c a p s u l e  i s  r e q u i r e d .  

Par n o d u l a r  v e h i c l e s ,  t h e  normal e n t r y  a l t i t u d e  c o n t r o l  system is  used.  

6.4.1.2 Systems Concepts - Launch Escape - The p r o p u l s i o n  systems 

concep ts  f o r  l aunch  e s c a p e  a r e  e s t a b l i s h e d  by c o n s i d e r i n g  p r o p e l l a n t  t y p e  and 

systems arrangement (sys tems l o c a t i o n  and number). These d e s i g n  v a r i a t i o n s  

and t h e  r e s u l t i n g  e f f e c t  of t h e  sys tems concept  a r e  d i s c u s s e d  below. 

P r o p e l l a n t  Type - Two g e n e r a l  c l a s s e s  of p r o p e l l a n t s  a r e  cons idered  f o r  

u s e  i n  t h e  l aunch  e s c a p e  systems: S o l i d s  and l i q u i d s .  Hybrids  could  a l s o  b e  

i n c l u d e d  from t h e  s t a n d p o i n t  of f e a s i b i l i t y ,  however t h e y  o f f e r  no s i g n i f i c a n t  

performance advan tage  f o r  t h i s  a p p l i c a t i o n  and do n o t  have t h e  development 

background of e i t h e r  s o l i d s  o r  l i q u i d s .  

The major f a c t o r  i n f l u e n c i n g  t h e  p r o p e l l a n t  e v a l u a t i o n  i s  t h e  t y p e  of 

sys tems performance r e q u i r e d  ( response  t ime,  t h r u s t  l e v e l ,  t o t a l  impulse) .  

S i n c e  t h e  low and h i g h  a l t i t u d e  escape  maneuvers each r e q u i r e  a  d i f f e r e n t  l e v e l  

of performance c a p a b i l i t y ,  t h e y  a r e  d i s c u s s e d  s e p a r a t e l y .  

The low a l t i t u d e  maneuver r e q u i r e s  a  v e r y  f a s t  r e s p o n s e  system w i t h  a 

h i g h  t h r u s t  l e v e l  and s h o r t  burn t i m e .  S o l i d  motor sys tems meet t h e s e  r e q u i r e -  

ments and have been  used e x t e n s i v e l y  i n  t h e  p a s t  f o r  t h i s  a p p l i c a t i o n ,  i . e . ,  

Mercury, Gemini B y  Apol lo .  High t h r u s t  l i q u i d  sys tems,  of t h e  S a t u r n  and 

T i t a n  l a u n c h  v e h i c l e  t y p e ,  have r e l a t i v e l y  s low response  and a r e  t h e r e f o r e  

c o n s i d e r e d  u n a c c e p t a b l e  f o r  t h i s  f u n c t i o n .  Liquid  p r o p e l l a n t  m i s s i l e  sys tems,  

such  a s  Lance and Bul lpup,  e x h i b i t  r e s p o n s e  and performance c h a r a c t e r i s t i c s  

t h a t  a r e  comparable t o  t h o s e  of s o l i d s .  These sys tems,  however, a r e  expected 

t o  b e  more c o s t l y  t h a n  s o l i d s .  They are more complex (more components) and 

have been developed o n l y  f o r  unmanned a p p l i c a t i o n s .  Hence, t h e  p r o p u l s i o n  

c o n c e p t s  f o r  low a l t i t u d e  e s c a p e  a r e  l i m i t e d  t o  t h o s e  u s i n g  s o l i d  p r o p e l l a n t s .  
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The h i g h  a l t i t u d e  e s c a p e  f u n c t i o n  r e q u i r e s  a  r e l a t i v e l y  low t h r u s t  and 

t o t a l  impulse  sys tem and imposes no response  t i m e  c o n s t r a i n t s .  T h e r e f o r e ,  

e i t h e r  a  s o l i d  o r  l i q u i d  p r o p e l l a n t  sys tem could b e  used.  For  t h o s e  s p a c e c r a f t  

c o n f i g u r a t i o n s  which have a  s u i t a b l e  p r o p u l s i o n  system on board f o r  o t h e r  

a p p l i c a t i o n s  i t  w i l l  a l s o  be  used f o r  t h i s  f u n c t i o n .  However, f o r  v e h i c l e  

c o n f i g u r a t i o n s  where a  s e p a r a t e ,  h i g h  a l t i t u d e  e s c a p e  system i s  r e q u i r e d ,  

s o l i d  p r o p e l l a n t  motors  w i l l  be  used s i n c e  t h e y  a r e  e s s e n t i a l l y  e q u a l  i n  

weight  and less c o s t l y  t h a n  a  comparable l i q u i d  system. 

Systems Arrangement - As i n d i c a t e d  i n  S e c t i o n  6 .4 .1 .1 ,  t h e  c a p a b i l i t y  t o  

perform b o t h  a  low and a  h i g h  a l t i t u d e  escape  maneuver i s  necessa ry .  The low 

a l t i t u d e  maneuvers r e q u i r e  a  s e p a r a t e  escape  system because  of t h e  unique 

performance c a p a b i l i t y  needed; no o t h e r  s p a c e c r a f t  sys tem h a s  t h e  combinat ion 

of t h r u s t  l e v e l ,  t o t a l  impulse ,  and response  t i m e  n e c e s s a r y .  The h i g h  

a l t i t u d e  maneuver, however, r e q u i r e s  a  much lower l e v e l  of system performance.  

The o r b i t  maneuver sys tems ( S e c t i o n  6.4.3)  cou ld  b e  used t o  perform t h i s  

maneuver, p r o v i d i n g  t h a t  t h e  o r b i t a l  sys tem is  n o t  a  p a r t  of t h e  l aunch  v e h i c l e  

upper  s t a g e .  T h i s  i s  t h e  approach used f o r  r e u s e  c a t e g o r i e s  A,  B ,  and 

C. The i n t e g r a l  b o o s t  v e h i c l e s  ( c a t e g o r i e s  D, E and F) , however must 

have a  s e p a r a t e  h i g h  a l t i t u d e  sys tem s i n c e  t h e  o r b i t a l  sys tem i s  e s s e n t i a l l y  a  

p a r t  of t h e  upper s t a g e ,  Because of t h i s  d i f f e r e n c e  i n  sys tems requ i rements ,  

t h e  sys tem arrangements  f o r  t h e  two groups  o f  v e h i c l e s  a r e  cons idered  sepa- 

r a t e l y .  

Reuse C a t e p o r i e s  A, B and C - Three low a l t i t u d e  sys tem i n s t a l l a t i o n  c o n c e p t s  

a r e  c o n s i d e r e d :  ( a )  a  s i n g l e ,  tower mounted motor ,  (b)  m u l t i p l e  s t rap-on  

motors ,  and ( c )  m u l t i p l e  motors  l o c a t e d  i n s i d e  t h e  e n t r y  v e h i c l e .  The tower 

and s t r a p - o n  systems a r e  l o c a t e d  e x t e r n a l  t o  t h e  s p a c e c r a f t  and can b e  

j e t t i s o n e d .  An e f f e c t i v e  payload weight  p e n a l t y  o f  12 .5  p e r c e n t  o f  t h e  a c t u a l  

sys tems weight  i s  used a s  b e i n g  t y p i c a l  f o r  t h e  l aunch  t r a j e c t o r i e s  shown i n  

S e c t i o n  4. The tower concept  h a s  a  g r e a t e r  development background b u t ,  

because  of t h e  tower s t r u c t u r e ,  i s  h e a v i e r  t h a n  t h e  s t rap-on  concept .  The 

i n t e r n a l  sys tem e x h i b i t s  a  r e l a t i v e l y  h i g h  weight  p e n a l t y  s i n c e  i t  i s  n o t  

j e t t i s o n a b l e ,  b u t  h a s  t h e  advan tage  of being r e t a i n e d  and is ,  t h e r e f o r e ,  

r e u s a b l e .  

A weigh t  comparison of t h e s e  concep t s  i s  p r e s e n t e d  i n  F i g u r e  6-21 a s  a  

f u n c t i o n  of s p a c e c r a f t  ( exc lud ing  p r o p u l s i o n )  weight .  A s  shown, t h e  i n t e r n a l  

i n s t a l l a t i o n  i s  more t h a n  1500 pounds h e a v i e r  t h a n  e i t h e r  of t h e  o t h e r  concep t s .  
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Figure 6-21 

LAUNCH ESCAPE SYSTEM WEIGHT FOR 
REUSE CATEGORIES A, 8, AND C 

Spacecraft Weight - lo3 Lb 

7.5 10.0 
Spacecraft Weight - lo3 Kgm 
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P r e l i m i n a r y  i n v e s t i g a t i o n s  i n d i c a t e  t h a t  t h i s  weight  d i f f e r e n t i a l  i s  e x c e s s i v e ,  

even i n  l i g h t  of t h e  p o t e n t i a l  c o s t  s a v i n g s  through r e u s e  of t h e  i n t e r n a l  

c o n f i g u r a t i o n .  Thus, o n l y  t h e  tower and s t rap-on  c o n c e p t s  a r e  r e t a i n e d  f o r  

more d e t a i l e d  e v a l u a t i o n  i n  Task 6. 

- The tower ,  s t r ap-on ,  and i n t e r n a l  low a l t i t u d e  

i n s t a l l a t i o n  concep t s  d i s c u s s e d  above a r e  a l s o  a p p l i c a b l e  t o  t h i s  group of 

v e h i c l e s .  I n  a d d i t i o n ,  t h e  u s e  of a s i n g l e  v s  a  d u a l  sys tem concept  f o r  t h e  

low and h i g h  a l t i t u d e  maneuvers i s  cons idered .  The s i n g l e  system concept 

i n v o l v e s  r e t a i n i n g  t h e  low a l t i t u d e  system f o r  u s e  a t  h i g h  a l t i t u d e .  With a  

d u a l  sys tem,  t h e  low a l t i t u d e  sys tem i s  j e t t i s o n e d  w h i l e  t h e  h i g h  a l t i t u d e  

sys tem i s  r e t a i n e d  and reused .  

A we igh t  comparison of t h e s e  concep t s  i s  p r e s e n t e d  i n  F i g u r e  6-22. The 

weigh t  d i f f e r e n c e  between t h e  s i n g l e  and d u a l  system concep ts  i s  mainly 

a t t r i b u t a b l e  t o  t h e  s m a l l  e f f e c t i v e  weight  p e n a l t y  of t h e  j e t t i s o n a b l e ,  low 

a l t i t u d e  system. Because o f  t h e  l a r g e  weight  d i f f e r e n c e  between concep ts ,  o n l y  

t h e  d u a l  sys tems a r e  c o n s i d e r e d  f u r t h e r .  

Concept Summary - The sys tems  arrangement a l t e r n a t i v e s  r e s u l t  i n  a  t o t a l  

of f o u r  l a u n c h  e s c a p e  system c o n c e p t s ,  two f o r  r e u s e  c a t e g o r i e s  A, B ,  and 

C and two f o r  c a t e g o r i e s  D ,  E ,  and F. These concep t s  a r e  summarized i n  T a b l e  

6-14. A s  n o t e d ,  t h e  b a s e l i n e  sys tem f o r  b a l l i s t i c  v e h i c l e s  i s  a  tower w h i l e  

f o r  t h e  M2-F2 shape,  s t rap-ons  a r e  used.  The tower i s  s e l e c t e d  due t o  i t s  

l o n g  h i s t o r y  of usage  w i t h  a  b a l l i s t i c  shaped v e h i c l e ;  t h e  c h o i c e  of s t rap-ons  

f o r  t h e  M2-F2 i s  based s o l e l y  on weight  c o n s i d e r a t i o n s .  

6.4.1.3 B a s e l i n e  D e s c r i p t i o n s  - The b a s e l i n e  c o n f i g u r a t i o n s  f o r  t h e  

l a u n c h  e s c a p e  p r o p u l s i o n  system a r e  shown i n  F i g u r e  6-23. 

A l l  b a l l i s t i c  v e h i c l e s  u t i l i z e  a  j e t t i s o n a b l e  tower mounted s o l i d  motor 

f o r  low a l t i t u d e  escape .  The systems d e s i g n  i s  s i m i l a r  t o  t h a t  of t h e  Apol lo  

tower ,  i n c l u d i n g  t h e  u s e  of a  p i t c h  and j e t t i s o n  motor.  Low a l t i t u d e  e s c a p e  of 

t h e  M2-F2 v e h i c l e s  i s  accomplished by a  group of j e t t i s o n a b l e ,  s t rap-on s o l i d  

motors ,  For modular v e h i c l e s ,  t h e s e  motors  a r e  i n s t a l l e d  on t h e  forward s u r -  

f a c e  of t h e  m i s s i o n  module; f o r  i n t e g r a l  v e h i c l e s ,  t h e y  a r e  a t t a c h e d  t o  t h e  

e s c a p e  c a p s u l e .  

High a l t i t u d e  escape ,  of a l l  v e h i c l e s  t h a t  do n o t  i n c o r p o r a t e  an  upper  

s t a g e  b o o s t  system, i s  accomplished by t h e  o r b i t  maneuver system. A t t i t u d e  
115 
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Figure 6-22 

LAUNCH ESCAPE SYSTEM WE! GMT FOR 
REUSE CATEGORIES D, E, AND F 

10 14 18 22 26 30 
Spacecraft Weight - lo3 Lb 

7.5 10,o 

Spacecraft Weight - lo3 kgm 
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c o n t r o l  d u r i n g  t h e  subsequen t  e n t r y  maneuver i s  provided by t h e  v e h i c l e ' s  e n t r y  

c o n t r o l  system. For a l l  i n t e g r a l  b o o s t  v e h i c l e s ,  a group of i n t e r n a l l y  mounted 

s o l i d  motors  i s  used f o r  h i g h  a l t i t u d e  escape  of t h e  crew c a p s u l e .  A  s t o r a b l e  

b i p r o p e l l a n t  system i s  l o c a t e d  i n  t h e  e s c a p e  c a p s u l e  f o r  n e c e s s a r y  a t t i t u d e  

c o n t r o l .  Both t h e  i n t e r n a l  s o l i d  motors  and t h e  escape  c a p s u l e  a t t i t u d e  con- 

t r o l  sys tems a r e  r e t a i n e d  and r e u s e d .  

TABLE 6-14 

Concept Summary - Launch Escape 

Orb i t  maneuver 

Orb i t  maneuver 

* B a s e l i n e  - B a l l i s t i c  V e h i c l e  (Type I) 

** B a s e l i n e  - M2/F2 V e h i c l e  (Type 11) 

6.4.2 Upper S t a g e  Boost P r o p u l s i o n  - Def in ing  r e u s e  c a t e g o r i e s  

D ,  E, and F i n c l u d e s  t h e  requ i rement  t o  p r o v i d e  t h e  f i n a l  b o o s t  v e l o c i t y  

increment  (AV) w i t h  a n  i n t e g r a l  s p a c e c r a f t  p r o p u l s i o n  system.  Category D 

u s e s  e x t e r n a l  p r o p e l l a n t  t a n k s  t h a t  a r e  j e t t i s o n e d  a f t e r  i n i t i a l  o r b i t  

i n s e r t i o n .  Engine and f e e d  subsystems a r e  l o c a t e d  i n s i d e  t h e  e n t r y  v e h i c l e .  

I n  c a t e g o r i e s  E  and F ,  t h e  e n t i r e  b o o s t  p r o p u l s i o n  system i s  i n s t a l l e d  

w i t h i n  t h e  e n t r y  v e h i c l e .  The system performance requ i rements  a r e  p resen ted  

below, fo l lowed  by a  d i s c u s s i o n  of a l t e r n a t e  sys tems c o n c e p t s  and a  d e s c r i p -  

t i o n  of t h e  b a s e l i n e  d e s i g n ,  

6.4.2.1.  Upper S t a g e  Boost P r o p u l s i o n  Requirements - The upper s t a g e  

b o o s t  maneuver i s  t h e  same a s  t h a t  performed by t h e  second s t a g e  of a  two 

s t a g e  l aunch  v e h i c l e .  A s  such ,  t h i s  maneuver i s  c h a r a c t e r i z e d  by t h e  s i n g l e  

b u r n  a p p l i c a t i o n  of a l a r g e  v e l o c i t y  increment  (AV) t o  a  h i g h  v e h i c l e  weight .  

T h e r e f o r e ,  t h e  t o t a l  impulse  and t h r u s t  r equ i rements  a r e  s i g n i f i c a n t l y  l a r g e r  
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t h a n  t h o s e  f o r  any o t h e r  maneuver under c o n s i d e r a t i o n .  However, t h e  r e q u i r e d  

t h r u s t  l e v e l s  a r e  low r e l a t i v e  t o  t h e  l a r g e  amount of t o t a l  impulse  needed, 

r e s u l t i n g  i n  a  long b u r n  t i m e  (Q 450 s e c o n d s ) .  I n  a d d i t i o n ,  a  g imbal  capa- 

b i l i t y  i s  needed t o  p r o v i d e  t h r u s t  v e c t o r  c o n t r o l .  

The t h r u s t  l e v e l  and t o t a l  impulse  requ i rements  f o r  upper s t a g e  b o o s t  

a r e  shown i n  F i g u r e s  6-24 and 6-25. These requ i rements  a r e  p r e d i c a t e d  on a  

sys tem hav ing  a  p r o p e l l a n t  mass f r a c t i o n  ( p r o p e l l a n t  weight  t o  t o t a l  system 

weigh t  r a t i o )  of 0.90 and t h e  u s e  of 02/H2 p r o p e l l a n t s .  However, t h e  l a r g e  AV 

n e c e s s a r y  makes t h e s e  t h r u s t  l e v e l  and t o t a l  impulse  requ i rements  v e r y  s e n s i t i v e  

t o  b o t h  mass f r a c t i o n  and s p e c i f i c  impulse .  A s  d i s c u s s e d  i n  t h e  f o l l o w i n g  

p a r a g r a p h s ,  p r o p e l l a n t  combinat ions  cover ing  a  wide range  of s p e c i f i c  impulse  

and b u l k  d e n s i t y  a r e  cons idered .  F u r t h e r ,  t o  complete ly  e s t a b l i s h  t h e  mass 

f r a c t i o n  of a n  i n t e g r a l  v e h i c l e  r e q u i r e s  a  more d e t a i l e d  s p a c e c r a f t  s i z i n g  

a n a l y s i s  t h a n  was p o s s i b l e  a t  t h i s  p o i n t  i n  t h e  s t u d y .  T h e r e f o r e ,  a l t h o u g h  

t h e s e  performance requ i rements  must be cons idered  p r e l i m i n a r y ,  t h e y  a r e  s u f f i -  

c i e n t l y  a c c u r a t e  t o  g a i n  a n  i n s i g h t  i n t o  t h e  r e l a t i v e  s i z e  of t h e  upper  s t a g e  

b o o s t  sys tems  and t o  u s e  a s  a  b a s i s  f o r  concep t  s e l e c t i o n .  A d e t a i l e d  s i z i n g  

a n a l y s i s  i s  inc luded  i n  t h e  Task 6  e v a l u a t i o n .  

6.4.2.2 System Concepts - Upper S t a g e  Boost - The d e s i g n  concep t  f o r  

t h e  upper  s t a g e  boose  sys tem i s  d i c t a t e d  by t h e  s y s t e m ' s  performance,  r e u s e  and 

i n s t a l l a t i o n  requ i rements .  A  v e r y  l a r g e  ( t o t a l  impulse  and t h r u s t  l e v e l ) ,  

r e u s a b l e  sys tem i s  n e c e s s a r y  w i t h  a t  l e a s t  t h e  eng ines  and f e e d  subsystems 

l o c a t e d  i n s i d e  t h e  e n t r y  module. A s  a  r e s u l t ,  on ly  pump-fed systems u t i l i z i n g  

h i g h  chamber p r e s s u r e  (1500 t o  3000 p s i a )  r e g e n e r a t i v e  o r  t r a n s p i r a t i o n  coo led  

e n g i n e s  a r e  cons idered .  A pump-fed system i s  s e l e c t e d  t o  p r e v e n t  e x c e s s i v e  

p r e s s u r i z a t i o n  and t ankage  subsystems weight  p e n a l t i e s .  Pump-fed systems a l s o  

have  a considera'vLe background of usage  f o r  t h e  b o o s t  f u n c t i o n  w h i l e  development 

of p r e s s u r e  f e d  d e s i g n s  have been l i m i t e d  t o  much lower t h r u s t  and t o t a l  impulse  

a p p l i c a t i o n s .  High chamber p r e s s u r e  e n g i n e s  a r e  cons idered  n e c e s s a r y  t o  

minimize e n g i n e  compartment volume and t h e  s i z e  and weight  of t h e  e n t r y  module. 
--- 

The l e n g t h  and d iamete r  of l a r g e  b e l l  n o z z l e  c o n f i g u r a t i o n s  a r e  shown on F i g u r e  

6-26 and i s  based on a f i x e d  s p e c i f i c  impulse  f o r  a n  02/H2 eng ine  w i t h  a  chamber 

p r e s s u r e  of 3000 p s i a .  The a e r o s p i k e  e n g i n e  c o n f i g u r a t i o n  was a l s o  c o n s i d e r e d  

b u t  c o s t  d a t a  was n o t  r e c e i v e d  e a r l y  enough f o r  i n c o r p o r a t i o n  i n t o  t h e  c o s t  

e s t i m a t i n g  r e l a t i o n s h i p s .  The eng ine  c o o l i n g  t echn iques  a r e  chosen t o  p r o v i d e  t h e  
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extended l i f e  c a p a b i l i t y  needed f o r  r e u s e .  

There  a r e ,  however, a d d i t i o n a l  d e s i g n  o p t i o n s  t h a t  must be  e v a l u a t e d  t o  

f u l l y  i d e n t i f y  t h e  p o s s i b l e  b o o s t  sys tem c o n c e p t s .  The most i n f l u e n t i a l  f a c t o r  

i s  t h e  c h o i c e  of p r o p e l l a n t  combination.  D e t a i l e d  d e s i g n  v a r i a t i o n s  i n v o l v i n g  

UPPER STAGE BOOST 
THRUST LEVEL REQUIREMENTS 

Figure 6-24 . - 

Cargo Weight - lo3 Lb 

Carga Weight - lo3 Kgm 
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Figure 6-25 

2.5 Reuse Category 

engine nozzle design and propellant tankage configurations are also considered. 

These design options and the resulting alternate system concepts are discussed 

below. 

Propellants - The following four propellant combinations are considered; 
(a) Oxygen/Hydrogen; (02/H2) 

(b) Fluor ine/Hydrogen; (F2/H2) 

(c) Fluorine (87%), Oxygen (13%)/Methane; ( ~ ~ 0 x 1 ~ ~ 4 )  

(d) Nitrogen Tetroxide/50% Hyrazine, 50% unsymmetrical dimethylhydrazine; 

(NTO/A-50) 

These combinations were selected to cover a broad spectrum of development 

background, specific impulse and bulk density characteristics. A comparison 

of these parameters is shown in Table 6-15. Bulk density is considered an 

important characteristic particularly for the fully integral vehicles 

(Categories E and F). With these vehicles, the volume required for upper 

stage boost propellant is a major factor in determining entry module size. 

Thus, propellant density and specific inpulse greatly influence the design and 

weight of the entry module structural systems. The strong interaction between 

the type of propellant used and the overall size of the vehicle requires a 
121 
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d e t a i l e d  v e h i c l e  s i z i n g  a n a l y s i s  t o  adequately compare t he se  des ign  concepts .  

Thus, a l l  four  p r o p e l l a n t  combinations a r e  r e t a i n e d  f o r  f u r t h e r  eva lua t ion .  

TABLE 6-15 

Boost P rope l l an t  C h a r a c t e r i s t i c s  

D e t a i l  Design - The l a r g e  p r o p e l l a n t  q u a n t i t i e s  r equ i r ed  f o r  upper s t a g e  

boos t  a l s o  n e c e s s i t a t e  cons ide ra t i on  of t h e  p r o p e l l a n t  tankages con f igu ra t i on .  

Two des igns  a r e  considered:  t h e  common bulkhead tankage i n t e g r a l  wi th  t h e  

v e h i c l e  primary s t r u c t u r e  ( inner  body s t r u c t u r e  used a s  tank s i d e  wa l l s )  and 

t h e  s e p a r a t e  f u e l  and o x i d i z e r  tanks supported from t h e  v e h i c l e  primary s t r u c t u r e .  

Pre l iminary  a n a l y s i s  i n d i c a t e s  t h a t  f o r  t h e  M2-F2 v e h i c l e s ,  t h e  i n t e g r a l  

t ank  des ign  e x h i b i t s  a volumet r ic  e f f i c i e n c y  about 20 percent  g r e a t e r  than t h e  

s e p a r a t e  tank con f igu ra t i on  which r e s u l t s  i n  a  s h o r t e r  and t h e r e f o r e  l i g h t e r  

weight v e h i c l e .  An a d d i t i o n a l  weight advantage r e s u l t s  from e l imina t ing  t h e  

BOOST ENGINE SIZE Figure 6-26 

Vacuum Thrust - lo3 Lb 

Vacuum Thrust - 106 Nwt 
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need f o r  s e p a r a t e  t a n k  suppor t  s t r u c t u r e .  However, t h e  M2-F2 c r o s s  s e c t i o n  is  

n o t  uniform (one s i d e  i s  e s s e n t i a l l y  f l a t )  and,  t h e r e f o r e ,  w i t h  t h e  i n t e g r a l  

t a n k s ,  t e n s i o n  s t r a p s  a r e  needed t o  r e d u c e  t h e  i n t e r n a l  bending l o a d s  w i t h i n  

t h e  s t r u c t u r a l  f rame (Refe rence  S e c t i o n  6 .2 .2) .  T h i s  c o n s t i t u t e s  a  we igh t  

p e n a l t y  r e l a t i v e  t o  a  s e p a r a t e ,  uniform shaped t a n k ,  b u t  t h i s  weight  p e n a l t y  

i s  s m a l l  compared t o  t h e  weight  advan tage  from a  s h o r t e r  v e h i c l e  l e n g t h  and 

from e l i m i n a t i o n  of t h e  t a n k  s u p p o r t  s t r u c t u r e .  T h e r e f o r e ,  a common bulkhead 

i n t e g r a l  t a n k  c o n f i g u r a t i o n  w i l l  be  used f o r  t h e  upper  s t a g e  b o o s t  sys tem on 

M2-F2 v e h i c l e s .  With t h e  b a l l i s t i c  shape,  however, t h e  v e h i c l e  d iamete r  is  

v e r y  l a r g e  a t  t h e  a f t  body s t a t i o n  where t h e  b o o s t  p r o p e l l a n t  i s  l o c a t e d .  If 

a n  i n t e g r a l  t a n k  c o n f i g u r a t i o n  were used,  t h e  bulkheads  would be  e s s e n t i a l l y  

f l a t  and l o c a t e d  v e r y  c l o s e  t o g e t h e r  r e l a t i v e  t o  t h e i r  d iamete r .  Such a  t a n k  

d e s i g n  i s  n o t  c o n s i d e r e d  p r a c t i c a l ;  t h u s ,  f o r  t h e  b a l l i s t i c  v e h i c l e ,  s e p a r a t e  

p r o p e l l a n t  t a n k s  a r e  used i n  t h e  upper s t a g e  b o o s t  sys tems.  

Concept Summary - The d e s i g n  v a r i a t i o n s  of p r o p e l l a n t  t y p e  and e n g i n e  

n o z z l e  d e s i g n  r e s u l t  i n  a t o t a l  of f i v e  b o o s t  sys tem concep ts ,  a  summary of 

which i s  p r e s e n t e d  i n  Tab le  6-16. A s  n o t e d ,  t h e  02/H2 concept  i s  s e l e c t e d  as 

t h e  b a s e l i n e  sys tem.  T h i s  concept  t y p i f i e s  sys tem having low development c o s t  

and r i s k  i n  combinat ion w i t h  r e l a t i v e  h igh  performance.  A  more d e t a i l e d  des -  

c r i p t i o n  of t h i s  b a s e l i n e  sys tem i s  p r e s e n t e d  i n  S e c t i o n  6 .4 .2 .3 .  

6 .4 .2 .3  B a s e l i n e  D e s c r i p t i o n  - The b a s e l i n e  upper s t a g e  boos t  sys tem 

c o n f i g u r a t i o n s  a r e  shown i n  F i g u r e  6-27. A l l  v e h i c l e s  i n c o r p o r a t e  a  pump f e d ,  

0 2 1 ~ 2  p r o p e l l a n t  sys tem having m u l t i p l e ,  b e l l  n o z z l e  eng ines .  

V e h i c l e  c o n f i g u r a t i o n s  I / D  and II/D u t i l i z e  e x t e r n a l ,  common bulkhead 

p r o p e l l a n t  t a n k s  t h a t  a r e  j e t t i s o n e d  a f t e r  i n i t i a l  o r b i t  i n s e r t i o n .  For t h e  

f u l l y  i n t e g r a l  v e h i c l e s ,  c o n f i g u r a t i o n s  E and F, t h e  p r o p e l l a n t  t a n k s  a r e  

l o c a t e d  i n s i d e  t h e  crew module. The b a l l i s t i c  v e h i c l e s  u t i l i z e  s e p a r a t e  t a n k s :  

a  s p h e r i c a l  o x i d i z e r  t a n k  and a  t o r o i d a l  f u e l  t a n k .  For t h e  M2-F2 v e h i c l e ,  

p r o p e l l a n t  i s  . c o n t a i n e d  i n  common bulkhead t a n k s  t h a t  a r e  i n t e g r a l  w i t h  t h e  

i n n e r  body s t r u c t u r e .  

A s  no ted  i n  F i g u r e  6-27, a l l  b a l l i s t i c  v e h i c l e s  r e q u i r e  a h a t c h  i n  t h e  

h e a t  s h i e l d  t o  a l l o w  b o o s t  eng ine  o p e r a t i o n .  The h a t c h  i s  open d u r i n g  l aunch  

b u t  must b e  c l o s e d  b e f o r e  t h e  d e - o r b i t  maneuver is  performed f o r  a s a f e  e n t r y  

maneuver. 123 
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Table  6-16 

Concept Summary - Upper S t a g e  Boost P r o p u l s i o n  System 

* B a s e l i n e  System Concept 

6.4.3 O r b i t a l  Maneuver P r o p u l s i o n  - P r o p u l s i o n  systems a r e  r e q u i r e d  t o  

perform a l l  o r b i t a l  maneuvers f o r  rendezvous and docking w i t h  t h e  s p a c e  s t a t i o n  

and f o r  descend ing  from o r b i t  t o  l a n d  a t  a predetermined s i te .  S p e c i f i c a l l y ,  

t h i s  group of maneuvers c o n s i s t s  o f :  

a .  Ascent  

b .  Docking 

c .  A t t i t u d e  C o n t r o l  

d .  Re turn  Phasing 

e .  De-orbi t  

The systems performance requ i rements ,  a l t e r n a t e  d e s i g n  concep t s ,  and b a s e l i n e  

c o n f i g u r a t i o n s  a r e  d i s c u s s e d  below. 

6.4.3.1 O r b i t a l  Maneuver Performance Requirements - Each of t h e  s p e c i f i c  

o r b i t a l  maneuvers r e q u i r e s  a d i f f e r e n t  l e v e l  of system performance c a p a b i l i t y .  

Hence, t h e s e  maneuvers and t h e i r  p r o p u l s i o n  system requ i rements  a r e  d i s c u s s e d  

s e p a r a t e l y .  

Ascent - The a s c e n t  maneuver i s  performed t o  t r a n s l a t e  t h e  s p a c e c r a f t  from 

i t s  p o s i t i o n  a t  i n i t i a l  o r b i t  i n s e r t i o n  t o  t h e  p rox imi ty  of t h e  s p a c e  s t a t i o n .  

Ascent is ,  t h e r e f o r e ,  a s e r i e s  of s e p a r a t e  maneuvers, c o n s i s t i n g  of ( a )  a launch  

v e h i c l e  s e p a r a t i o n  maneuver, (b)  a Hohmann t r a n s f e r  from t h e  i n i t i a l  i n j e c t i o n  

124 
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BASELINE CONFIGURATIONS - UPPER STAGE BOOST SYSTEM Figure  6-27 

Vehic le  I D 
(Retractable Nozzle) V E H I C L E  II D 

Vehic les I E / F  (Retractable Nozzle) Vehic les ll E/F  
1 25 
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a l t i t u d e  t o  t h e  a l t i t u d e  of t h e  space  s t a t i o n ,  and ( c )  a  t e r m i n a l  rendezvous 

maneuver t o  c l o s e  w i t h i n  a  few hundred y a r d s  of t h e  s p a c e  s t a t i o n .  A t  l e a s t  

f i v e  s t a r t s  a r e  r e q u i r e d ,  r ang ing  i n  b u r n  t ime from about  1 0  seconds  t o  a b o u t  

300 seconds .  The Hohmann t r a n s f e r  i s  t h e  major maneuver, however, r e q u i r i n g  

abou t  80 p e r c e n t  of t h e  t o t a l  a s c e n t  A V .  

The t h r u s t  l e v e l  and t o t a l  impulse  requ i rements  f o r  a s c e n t  a r e  shown i n  

F i g u r e s  6-28 and 6-29. The i n d i c a t e d  t o t a l  impulse  v a l u e s  were determined 

u s i n g  a s p e c i f i c  impulse  of 300 seconds .  Although p r o p e l l a n t s  having much 

h i g h e r  s p e c i f i c  impulse  performance t h a n  t h i s  w i l l  b e  cons idered  f o r  a l t e r n a t e  

d e s i g n  c o n c e p t s  i n  S e c t i o n  6 .4 .3 .2 ,  t h e  t o t a l  impulse  requirement  w i l l  change 

v e r y  l i t t l e .  Th i s  i s  due t o  t h e  low AV requ i rements  of t h e  a s c e n t  maneuver. 

Docking - The docking maneuver i s  performed t o  t r a n s l a t e  t h e  v e h i c l e  such  

t h a t  i t  makes c o n t a c t  w i t h  t h e  docking p o r t  on t h e  s p a c e  s t a t i o n .  T h i s  maneuver 

i s  c h a r a c t e r i z e d  by t h e  need f o r  t r a n s l a t i o n a l  t h r u s t  i n  a l l  a x e s  ( forward,  

a f t ,  up,  down, l e f t ,  and r i g h t ) .  A l a r g e  number of sys tems s t a r t s  a r e  a l s o  

r e q u i r e d ,  approaching a  p u l s i n g  mode of o p e r a t i o n .  P u l s e  wid ths ,  hcwever, 

a r e  long  enough (0 .5  t o  2  seconds)  t o  b a s e  performance c o n s i d e r a t i o n s  on s teady-  

s t a t e  o p e r a t i o n .  

T h r u s t  l e v e l  and t o t a l  impulse  requ i rements  f o r  t h e  docking maneuver a r e  

p r e s e n t e d  i n  F i g u r e s  6-30 and 6-31 a s  a  f u n c t i o n  of ca rgo  weight .  The t o t a l  

impulse  requ i rements  a r e  based on a s p e c i f i c  impulse  of 300 seconds .  The 

t h r u s t  l e v e l  r equ i rements  a r e  t h e  t o t a l  t h r u s t  needed i n  b o t h  t h e  forward and 

a f t  d i r e c t i o n s .  The l a t e r a l  and v e r t i c a l  t h r u s t  l e v e l  r equ i rements  a r e  one-half  

of t h a t  needed f o r  t h e  forward o r  a f t  d i r e c t i o n s .  

A t t i t u d e  C o n t r o l  - Angular c o n t r o l  of t h e  v e h i c l e  a t t i t u d e  i s  r e q u i r e d  

d u r i n g  t h e  o r b i t a l  phase  of t h e  m i s s i o n  t o  ( a )  damp o u t  any d i s t u r b a n c e  t o r q u e s  

t h a t  might  o c c u r ,  p a r t i c u l a r l y  t h o s e  induced by, t h e  t r a n s l a t i o n  maneuvers, and 

(b) t o  p e r i o d i c a l l y  r e - o r i e n t  t h e  v e h i c l e  f o r  such purposes  a s  antenna o r  t h r u s t  

v e c t o r  p o i n t i n g  and v i s u a l  o r  o p t i c a l  s i g h t i n g s .  The maneuver i s  c h a r a c t e r i z e d  

by t h e  need f o r  m u l t i a x i s  t h r u s t  ( p i t c h ,  yaw, and r o i l )  and a  p u l s i n g  mode. 

The t o t a l  impulse  r e q u i r e d  f o r  a t t i t u d e  c o n t r o l  i s  p r e s e n t e d  i n  F i g u r e  6-32 

a s  a  f u n c t i o n  of ca rgo  weight .  S p e c i f i c  t h r u s c  l e v e l  n,:!gnitudes w i l l  b e  

c a l c u l a t e d  i n  Task 6 ,  u s i n g  t h e  s i z i n g  model t o  d e f i n e  t h e  r e q u i r e d  i n e r t i a  
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THRUST REQUIREMENTS (FWD/AFT) 

Figure 6-30 
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ORBIT ATTITUDE CONTROL 
TOTAL IMPULSE REQUIREMENTS 

Figure 6-32 

Reuse 

Cargo Weight - lo3 Lb 

Cargo Weight - lo3 Kgm 
1 

1 30 
MCDQNblMEhh DOUGLAS ASTROtBILPWT#@S COMPANY 

EASTERN DUVlSUON 



VOLUME I1 
BOOK 1 

OPTiMlZED COST/PERFORMANCE REPORT NO. G975 

DESIGN METHODOLOGY 15 APRIL 1969 

c h a r a c t e r i s t i c s  of t h e  v e h i c l e s .  P r e l i m i n a r y  e s t i m a t e s ,  however, i n d i c a t e  t h a t  

f o r  a g i v e n  v e h i c l e  c o n f i g u r a t i o n ,  i n c r e a s i n g  t h e  ca rgo  weigh t  from 20,000 t o  

200,000 pounds w i l l  c a u s e  t h e  t h r u s t  p e r  a x i s  t o  i n c r e a s e  by a  f a c t o r  of from 

1 0  t o  12.  T h i s  e s t i m a t i o n  assumes t h a t  t h e  a n g u l a r  a c c e l e r a t i o n s ,  t h e  eng ine  

moment arm ( a s  a  p e r c e n t  of l e n g t h ) ,  and t h e  r a t i o  of r a d i u s  of g y r a t i o n  t o  

v e h i c l e  l e n g t h  a l l  remain c o n s t a n t .  It i s  a l s o  e s t i m a t e d  t h a t  t h e  p i t c h  o r  

yaw t h r u s t  l e v e l  p e r  d i r e c t i o n  w i l l  r ange  from a few hundred pounds f o r  t h e  

s m a l l e r  v e h i c l e s  t o  on t h e  o r d e r  of f i v e  thousand pounds f o r  t h e  l a r g e r  v e h i c l e s .  

Re turn  Phasing - Return phas ing  i s  an  o r b i t  p e r i o d  change maneuver, performed 

t o  a l t e r  t h e  v e h i c l e  ground t r a c k  such  t h a t  i s  p a s s e s  n e a r  o r  through t h e  

d e s i r e d  l a n d i n g  s i t e .  T h i s  maneuver i s  used t o  a l l o w  complet ion of t h e  r e t u r n  

phas ing  of t h e  m i s s i o n  w i t h i n  a  s p e c i f i e d  t ime  (nominal ly  24 h o u r s ) .  E s s e n t i a l l y ,  

i t  is  a p r o p u l s i v e  augmentat ion t o  t h e  v e h i c l e ' s  aerodynamic maneuver c a p a b i l i t y .  

O r d i n a r i l y ,  o n l y  t h e  b a l l a s t i c '  v e h i c l e s  r e q u i r e  such  a  maneuver; t h e  M2-F2 

v e h i c l e s  have a s u f f i c i e n t l y  h i g h  hyperson ic  L / D  t o  r e a c h  t h e  l a n d i n g  s i t e  

w i t h o u t  phas ing .  Only f o r  t h e  s p e c i a l  c a s e  of a  v e r y  f a s t  r e t u r n  (two h o u r s )  a s  

d i s c u s s e d  i n  S e c t i o n  4.5,  does  t h e  M2-F2 r e q u i r e  phasing.  The performance 

requ i rements  f o r  t h i s  s p e c i a l  c a s e  a r e  n o t  cons idered  h e r e .  Return phas ing  i s  

a  s i n g l e  b u r n  maneuver of abou t  300 seconds .  

The more d e t a i l e d  a n a l y s i s  of l a n d i n g  s i t e  number / loca t ion ,  d i s c u s s e d  i n  

S e c t i o n  5 .0  of Book 2,  c o n s i d e r s  a  b a s e l i n e  o p e r a t i o n a l  mode i n  which a  phas ing  

maneuver i s  n o t  r e q u i r e d .  The p o t e n t i a l  phasing requ i rements  a r e  inc luded  

h e r e  t o  make p r o v i s i o n s  i n  t h e  o p t i m i z a t i o n  model t h a t  w i l l  a l l o w  a  t r a d e o f f  

between phas ing  and t h e  recovery  s i t e  c h a r a c t e r i s t i c s  t o  b e  made i n  Task 6.  

T h r u s t  l e v e l  and t o t a l  impulse  requ i rements  f o r  t h e  b a l l i s t i c  v e h i c l e  r e t u r n  

phas ing  maneuver a r e  p r e s e n t e d  i n  F i g u r e s  6-33 and 6-34. Impulse requ i rements  

a r e  based on a  s p e c i f i c  impulse  of 300 seconds .  Two v e r s i o n s  of t h e  modular 

c o n f i g u r a t i o n  a r e  shown, one i n  which t h e  empty m i s s i o n  module weight  i s  i n c l u d e d  

and a n o t h e r  where t h e  empty module i s  j e t t i s o n e d  b e f o r e  phasing.  The former  

v e r s i o n  cor responds  t o  t h e  c a s e  where t h e  phasing p r o p u l s i o n  system i s  l o c a t e d  

i n  t h e  m i s s i o n  module. The l a t t e r  c a s e  r e f l e c t s  phas ing  systems i n s t a l l a t i o n  

i n  a  s p e c i a l  a d a p t e r  s e c t i o n  between t h e  m i s s i o n  module and e n t r y  v e h i c l e .  
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De-orbi t  - The d e - o r b i t  maneuver i s  performed t o  modify t h e  v e h i c l e  o r b i t  

such  t h a t  i t  e n t e r s  t h e  atmosphere a t  a  predetermined f l i g h t  p a t h  a n g l e  and 

v e l o c i t y .  The th rus t - to -weigh t  r a t i o  requ i rement  i s  t h e  e s t i m a t e d  minimum 

needed t o  e n s u r e  a c c e p t a b l e  touchdown p o i n t  d i s p e r s i o n s .  I n  a n  emergency, a  

s a f e  e n t r y  can  b e  performed w i t h  less t h a n  one-half t h e  nominal t h r u s t  r e q u i r e -  

ment. De-orbit  i s  a s i n g l e  b u r n  maneuver of about  200 seconds .  

De-orbi t  t h r u s t  and t o t a l  impulse  requ i rements  a r e  shown i n  F i g u r e s  6-35 

and 6-36 f o r  t h e  b a l l i s t i c  v e h i c l e s  and i n  F i g u r e s  6-37 and 6-38 f o r  t h e  M2-F2 

v e h i c l e s .  The two modular c o n f i g u r a t i o n s  shown f o r  each v e h i c l e  r e f l e c t  t h e  

l o c a t i o n  of t h e  d e o r b i t  sys tem,  e i t h e r  i n  t h e  m i s s i o n  module o r  i n  a  s p e c i a l  

a d a p t e r  between t h e  m i s s i o n  modules and t h e  e n t r y  v e h i c l e .  I n  t h e  l a t e r  c a s e ,  

t h e  m i s s i o n  module would b e  j e t t i s o n e d  b e f o r e  d e - o r b i t .  

DEORBIT 
THRUST LEVEL REQUIREMENTS 

(BALLISTIC VEHICLE) 

Figure 6-35 

Reuse 
Category 

E, F 
(A, B)** - Miss ion Module Jett isone 

D 
C 

(A, B)* 
(A, B)** 

Cargo Weight - lo3 Lb 

25 50 
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DEORBlT 
THRUST LEVEL REQUIREMENTS 

Figure 6-37 

(h42/F2 VEHICLE) 

Reu :e 
Category 

E, F 

(A, B)" 
(A ,  B)"" 

Cargo Weight - lo3 Lb 

2 5 50 
Cargo Weight - lo3 Kgm 

6 . 4 . 1 . 3  Sys tems Concepts  - O r b i t a l  Maneuver - A s  j u s t  d i s c u s s e d ,  

p r i m a r y  p r o p u l s i v e  maneuvers d u r i n g  t h e  o r b i t a l  p h a s e  of  t h e  m i s s i o n  are.  

a s c e n t ,  d o c k i n g ,  a t t i t u d e  c o n t r o l ,  r e t u r n  p h a s i n g ,  and d e - o r b i t .  Major f a c t o r s  

c o n s i d e r e d  i n  t h e  s e l e c t i o n  of  s y s t e m s  c o n c e p t s  t o  pe r fo rm t h e s e  maneuvers a r e :  

( a )  p r o p e l l a n t  t y p e ,  ( b )  number of i n d e p e n d e n t  s y s t e m s ,  and ( c )  s y s t e m s  d e s i g n  

c h a r a c t e r i s t i c s  ( e n g i n e  a r r angemen t  and c o o l i n g  method,  t y p e  of f e e d  s u b s y s t e m s ,  

e t c . ) .  These  f a c t o r s  and t h e i r  i n f l u e n c e  i n  s e l e c t i n g  s y s t e m s  c o n c e p t s  a r e  

d i s c u s s e d  be low.  

P r o p e l l a n t s  - Both  s o l i d  p r o p e l l a n t s  and l i q u i d  b i p r o p e l l a n t s  ( s t o r a b l e  and 

c r y o g e n i c j  are c o n s i d e r e d  f o r  u s e  i n  t h e  o r b i t  maneuver s y s t e m s .  Hybr ids  

h a v e  n o t  been  s o  c o n s i d e r e d  b e c a u s e  o f  t h e  l a r g e  amount of  development  

a n t i c i p a t e d  r e l a t i v e  t o  any  w e i g h t  o r  o p e r a t i o n a l  a d v a n t a g e  t h a t  migh t  r e s u l t .  

N e i t h e r  a r e  m o n o p r o p e l l a n t s  c o n s i d e r e d ;  t h e  r e s u l t a n t  h i g h e r  sys t em w e i g h t s  

due  t o  t h e i r  l ower  s p e c i f i c  i m p u l s e ,  r e l a t i v e  t o  b i p r o p e l l a n t s ,  i s  e x p e c t e d  

t o  o f f s e t  any c o s t  a d v a n t a g e  t h a t  migh t  r e s u l t  f rom r e d u c i n g  t h e  number of s y s t e m s  

components .  
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The f i r s t  s t e p  i n  p r o p e l l a n t  s e l e c t i o n  i s  t o  d e t e r m i n e  what p r o p e l l a n t  i s  

a p p l i c a b l e  f o r  t h e  g i v e n  maneuvers. The main d e t e r m i n i n g  f a c t o r  i s  t h e  t y p e  

of sys tems  o p e r a t i o n  ( p u l s i n g ,  r e s t a r t a b l e ,  o r  s i n g l e  b u r n ) .  T a b l e  6-17 

p r e s e n t s  t h e  p r o p e l l a n t  and maneuver combinat ions  t h a t  a r e  c o n s i d e r e d .  S o l i d  

p r o p e l l a n t s  a r e  c o n s i d e r e d  o n l y  f o r  s i n g l e  s t a r t  maneuvers. Although r e s t a r t a b l e  

o r  p u l s i n g  s o l i d  motors  a r e  t e c h n i c a l l y  f e a s i b l e ,  t h e  development c o s t  and r i s k  

i s  c o n s i d e r e d  e x c e s s i v e  f o r  any p o s s i b l e  performance o r  r e c u r r i n g  c o s t  advan tages .  

L iqu id  c r y o g e n i c  p r o p e l l a n t s  a r e  a p p l i c a b l e  f o r  b o t h  s i n g l e  and m u l t i s t a r t  

maneuvers t y p i c a l  of a s c e n t ,  p h a s i n g ,  and d e - o r b i t .  They a r e  n o t  c o n s i d e r e d  

however, f o r  p u l s i n g ,  a t t i t u d e  c o n t r o l  a p p l i c a t i o n s .  The s m a l l  p o t e n t i a l  weight  

s a v i n g s  due  t o  low sys tems  t o t a l  impulse  requ i rements  i s  n o t  expec ted  t o  o f f s e t  

t h e  c o s t  of deve lop ing  p o s i t i v e  e x p u l s i o n  t a n k s  and p u l s i n g  e n g i n e s  f o r  u s e  

w i t h  c r y o g e n i c  p r o p e l l a n t s .  

Tab le  6-17 

P r o p e l l a n t  A p p l i c a b i l i t y  - O r b i t a l  Maneuvers 

R e s t a r t a b l e  

- S t o r a b l e  

- S t o r a b l e s  

S t o r a b l e  l i q u i d  p r o p e l l a n t s  a r e  c o n s i d e r e d  f o r  a l l  maneuvers i n  t h a t  t h e  

a s s o c i a t e d  hardware h a s  been developed and i s  c u r r e n t l y  i n  u s e  f o r  such 

a p p l i c a t i o n s .  

The s p e c i f i c  combinat ions  cons ide red  f o r  each g e n e r a l  type  of p r o p e l l a n t  a r e :  

a .  S o l i d s  - Ammonium ~erchlorate/Polybutidiene/Aluminum (AP/PB/AL) 

b .  S t o r a b l e s  - Nit rogen  Tetroxide/Monomethylhydrazine (NTO/MMH) 

138 
MQ'mOr91NELk DOUGLAS ASTRONAUTICS COIWPANV 

EASTERN DIVISION 



VOLUME I1 
BOOK 1 

REPORT NO. G975 
15 APRIL 1969 

c .  Cryogenics  - Oxygen/Hydrogen ( 0  / H  ) 
2 2  

- ~ l u o r i n e / ~ y d r o ~ e n  ( F ~ / H ~ )  

- F l u o r i n e  ( 8 7 % ) ,  Oxygen (13%) /Methane ( ~ l o x / C H  ) 4 

The s o l i d  and s t o r a b l e  l i q u i d  combinat ions  a r e  s e l e c t e d  a s  having development 

and performance c h a r a c t e r i s ' t i c s  t y p i c a l  of t h e i r  r e s p e c t i v e  p r o p e l l a n t  

c l a s s e s .  However, a  number of c ryogen ic  combina t ions ,  cover ing  a  wide r a n g e  

of development r e q u i r e m e n t s  and performance c a p a b i l i t i e s ,  can  b e  used.  

To f u r t h e r  examine t h e s e  combinat ions ,  a  p r o p e l l a n t  we igh t  comparison i s  

p r e s e n t e d  i n  F i g u r e  6-39. The s t o r a b l e  p r o p e l l a n t  combinat ion i s  shown o n l y  

f o r  r e f e r e n c e .  A s  i n d i c a t e d ,  t h e  p r o p e l l a n t  q u a n t i t i e s  a r e  s m a l l  r e l a t i v e  t o  

t h e  t o t a l  v e h i c l e  we igh t .  Thus, p r o p e l l a n t  volume is  n o t  a  c r i t i c a l  pa ramete r  

nor  i s  s p e c i f i c  impulse  of o v e r r i d i n g  importance .  The h i g h  b u l k  d e n s i t y  of 

Flox/CH4, t h e r e f o r e ,  o f f e r s  l i t t l e  advan tage  w h i l e  i t s  lower  I s p  c a u s e s  a 

s l i g h t l y  h i g h e r  p r o p e l l a n t  weight  r e l a t i v e  t o  t h e  o t h e r  c r y o g e n i c  combina t ions ,  

N e i t h e r  i s  t h e  s l i g h t  we igh t  advan tage  of F ~ / H ~ ,  o v e r  02/H2, cons ide red  enough 

t o  o f f e e t  t h e  added development c o s t  and r i s k  of f l u o r i n e  p r o p e l l a n t s .  For 

t h e s e  r e a s o n s ,  0 2 / ~ 2  i s  s e l e c t e d  a s  t h e  t y p i c a l  c r y o g e n i c  p r o p e l l a n t  f o r  t h e  

a p p l i c a b l e  o r b i t  maneuvers. 

System Arrangementss-  A v a r i e t y  of o r b i t a l  maneuvers i s  r e q u i r e d ,  some 

i n v o l v i n g  a l t e r n a t e  t y p e s  of p r o p e l l a n t .  T h e r e f o r e ,  t h e  u s e  of more t h a n  one  

p r o p u l s i o n  system must b e  c o n s i d e r e d .  Based on t h e  examina t ion  of numerous 

p r o p e l l a n t  and sys tem combina t ions ,  f o u r  t y p i c a l  a r rangements  of from one t o  

t h r e e  s e p a r a t e  sys tems a r e  s e l e c t e d  f o r  a d d i t i o n a l  e v a l u a t i o n  i n  Task 6. These  

sys tem arrangements  c o n c e p t s  a r e  summarized i n  Tab le  6-18. Concept 1 r e q u i r e s  

t h e  fewes t  number of components ( s i n g l e  system) w h i l e  concep t  2  r e p r e s e n t s  

t h e  minimum w e i g h t ,  a l l  l i q u i d  system (c ryogen ic  p r o p e l l a n t s ) .  Concepts 3  and 

4 a r e  t h e  same a s  Concepts 1 and 2 ,  r e s p e c t i v e l y ,  e x c e p t  t h a t  s o l i d  motors  a r e  

u t i l i z e d  f o r  d e - o r b i t .  

A much l a r g e r  number of ar rangement  concep t s  could  be c o n s i d e r e d ;  a d d i t i o n a l  

c o n c e p t s  can  r e c e i v e  l i m i t e d  e v a l u a t i o n ,  depending on t h e  r e s u l t s  of t h e  Task 6  

a n a l y s i s .  Bowever, t h e  s e l e c t e d  concep t s  a r e  c o n s i d e r e d  s u f f i c i e n t l y  v a r i e d  t o  

accomplish  t h e  purpose  of t h i s  s t u d y  w i t h o u t  r e q u i r i n g  a n  e x c e s s i v e  amount of 

a n a l y s i s  o r  computer t ime.  
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Figure 6-39 

PROPELLANT WEIGHT COMPARISON 
(ASCENT MAN EUVER) 

Injected Weight - 10' Lb 

10 20 50 70 100 20 0 
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D e t a i l e d  Design - P r e l i m i n a r y  e v a l u a t i o n  i r i d i c a t e s  t h a t  once t h e  p r o p e l l a n t  

t y p e  and system arrangements  a r e  e s t a b l i s h e d ,  t h e  major d e s i g n  c o n s i d e r a t i o n  

i s  t h e  c h o i c e  of eng ine  c o n f i g u r a t i o n  t o  b e  used f o r  t h e  docking and a t t i t u d e  

c o n t r o l  f u n c t i o n s .  

The a l t e r n a t e  e n g i n e  c o n f i g u r a t i o n s ,  c o n s i d e r e d  f o r  modular v e h i c l e s ,  

a r e  shown i n  F i g u r e  6-40. The s i n g l e  eng ine  group ( A l t e r n a t e  A) u s e s  t h e  same 

eng ines  f o r  b o t h  t r a n s l a t i o n  maneuvers and a t t i t u d e  c o n t r o l .  The d u a l  e n g i n e  

group ( A l t e r n a t e  B) employs a  s e p a r a t e  s e t  of eng ines  f o r  each f u n c t i o n .  The 

main d i f f e r e n c e s  between t h e s e  c o n f i g u r a i t o n s  i s  t h e  number of eng ines  r e q u i r e d  

and t h e  l e n g t h  of t h e  moment arm a v a i l a b l e  f o r  a t t i t u d e  c o n t r o l .  A l t e r n a t e  A 

r e q u i r e s  fewer eng ines  b u t  h a s  a  s h o r t e r  a t t i t u d e  c o n t r o l  moment arm t h a n  

A l t e r n a t e  B.  For s m a l l  cargo q u a n t i t y  b o t h  a l t e r n a t i v e s  r e q u i r e  t h e  same 

maximum t t r u s t  l e v e l  p e r  eng ine .  There fore ,  s i n c e  A l t e r n a t e  A has  t h e  f e w e s t  

number e n g i n e s ,  L C  i s  t h e  p r e f e r r e d  concep t .  A t  l a r g e  ca rgo  q u a n t i t i e s ,  however, 

A l t e r n a t e  A r e q u i r e s  much h i g h e r  eng ine  t h r u s t  l e v e l s  t h a n  A l t e r n a t e  B t o  

p rov ide  t h e  n z c e s s a r y  a t t i t u d e  c o n t r o l .  Th i s  i s  a  r e s u l t  of t h e  d i f f e r e n c e  i n  

l e n g t h  of t h e  a v a i l a b l e  moment arm and t h e  f a c t  t h e  v e h i c l e  i n e r t i a  i n c r e a s e s  

more r a p i d l y  t h a n  v e h i c l e  weight  a s  ca rgo  i s  added. I n  t h i s  c a s e ,  a  t r ade-of f  

e x i s t s  between u s i n g  a  r e l a t i v e l y  few, h i g h  t h r u s t  eng ines  ( A l t e r n a t e  A) v e r s u s  

a  lower number of lower t h r u s t  eng ines  ( A l t e r n a t e  B). Hence, f o r  modular 

v e h i c l e s ,  b o t h  e n g i n e  arrangement concep t s  a r e  r e t a i n e d  f o r  f u r t h e r  e v a l u a t i o n  

i n  Task 6. For i n t e g r a l  v e h i c l e s ,  c o n s i d e r a t i o n  i s  l i m i t e d  t o  a  d u a l  e n g i n e  

group s i m i l a r  t o  C o n f i g u r a t i o n  B.  Th i s  a l l o w s  u s e  of t h e  same eng ines  f o r  

b o t h  o r b i t  and e n t r y  a t t i t u d e  c o n t r o l .  

Concept Summary - The p r o p e l l a n t ,  sys tems arrangement ,  and eng ine  c o n f i g u r a -  

t i o n  a l t e r n a t i v e s ,  i d e n t i f i e d  above,  r e s u l t  i n  f o u r  system concep ts  f o r  i n t e g r a l  

v e h i c l e s  and e i g h t  f o r  modular v e h i c l e s .  These concep t s  a r e  summarized i n  

Tab le  6-19. A s  i n d i c a t e d ,  a  s i n g l e ,  NTO/MMK system i s  s e l e c t e d  f o r  t h e  b a s e l i n e  

i n t e g r a l  v e h i c l e s  w h i l e  f o r  modular v e h i c l e s ,  a  s o l i d  p r o p e l l a n t  system f o r  

d e - o r b i t  and an  NTO/MMH system f o r  t h e  r e m a i n b - ~ g  maneuvers i s  chosen a s  t h e  

b a s e l i n e .  Use of s t o r a b l e  p r o p e l l a n t s  i s  based on t h e  e x p e c t a t i o n  t h a t  t h e  lower 

c o s t  of t h i s  sys tem w i l l  more t h a n  o f f s e t  t h e  weight advantage of a n  0  /H 
2 2 

system. A s o l i d  p r o p e l l a n t  d e - o r b i t  sys tem i s  s e l e c t e d  f o r  t h e  modular v e h i c l e s  

because  of weight .  The motors  can b e  i n s t a l l e d  a s  a  s e p a r a t e  a d a p t e r  (Gemini 

f a s h i o n j ,  t h u s  e l i m i n a t i n g  t h e  need t o  d e - o r b i t  t h e  empty m i s i s o n  module, 

These b a s e l i n e  sys tems a r e  f u r t h e r  d e s c r i b e d  below. 
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Figure 6-40 

ALTERNATE ENGINE CONFIGURATIONS - ORBITAL MANEUVERS 

ALTERNATE A 

Translat ion and 
At t i tude Control 

Center of 
Gravity Plane 

ALTERNATE B 

Translat ion /--Attitude Control 

Att i tude 

Moment Arm 

Center of 
Gravity Plane 

Engines (8) 
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6 .4 .3 .3  B a s e l i n e  D e s c r i p t i o n  - The o r b i t a l  maneuver system b a s e l i n e  

c o n f i g u r a t i o n s  a r e  shown i n  F i g u r e  6-41, A t y p i c a l  sys tems schemat ic  i s  

p r e s e n t e d  i n  F i g u r e  6-42. The modular v e h i c l e s  i n c o r p o r a t e  a  s o l i d  p r o p e l l a n t  

d e o r b i t  sys tem t h a t  i s  l o c a t e d  i n  a  s p e c i a l  a d a p t e r  between t h e  crew and m i s s i o n  

modules. The m i s s i o n  module i s  j e t t i s o n e d  j u s t  b e f o r e  t h e  d e o r b i t  maneuver. 

The remainder  of t h e  o r b i t a l  maneuvers, i n c l u d i n g  a t t i t u d e  c o n t r o l ,  a r e  

performed by a  p ressure - fed ,  NTO/MMH p r o p e l l a n t  system i n  t h e  m i s s i o n  module. 

T h r u s t  i s  provided by f o u r  e x t e r n a l  groups  of eng ines  o r  "quad packs" i n s t a l l e d  

i n  t h e  p l a n e  of t h e  v e h i c l e  c e n t e r  of g r a v i t y .  

I n t e g r a l  v e h i c l e s  use  a  s i n g l e ,  p ressure - fed  N T O / ? ~ H  p r o p e l l a n t  system 

l o c a t e d  i n  t h e  crew module f o r  a l l  o r b i t a l  maneuvers. Two s e t s  of eng ines  a r e  

p rov ided ,  one f o r  t r a n s l a t i o n  maneuvers and a n o t h e r  f o r  a t t i t u d e  c o n t r o l .  The 

t r a n s l a t i o n  eng ine  arrangement  i s  t h e  same a s  t h a t  used f o r  t h e  modular v e h i c l e s ,  

excep t  t h a t  t h e  quad packs  a r e  r e t r a c t e d  i n s i d e  t h e  crew module p r i o r  t o  e n t r y .  

T h i s  i s  n e c e s s a r y  t o  p r o t e c t  t h e  eng ines  s o  t h a t  t h e y  can be  reused .  The 

a t t i t u d e  c o n t r o l  e n g i n e s  a r e  l o c a t e d  a t  t h e  v e h i c l e  a f t  end and a r e  used d u r i n g  

e n t r y ,  a s  w e l l  a s  f o r  o r b i t a l  o p e r a t i o n s .  Two r i n g s  of eng ines  a r e  i n s t a l l e d ,  

e i t h e r  one of which can  perform b o t h  t h e  o r b i t  and e n t r y  c o n t r o l  :unct ions ,  

The second r i n g  i s  used a s  a  back-up f o r  t h e  e n t r y  maneuver. 

For i n t e g r a l  v e h i c l e s ,  t h e  p r o p e l l a n t  s t o r a g e  subsystems c o n s i s t  of two 

s e p a r a t e  groups  of t a n k s .  One group i s  used t o  s t o r e  t h e  d e o r b i t  p r o p e l l a n t ,  

w h i l e  t h e  o t h e r  c o n t a i n s  t h e  p r o p e l l a n t  needed f o r  a l l  o t h e r  o r b i t  maneuvers. 

The d e o r b i t  p r o p e l l a n t  i s  i s o l a t e d  t o  e n s u r e  i t s  a v a i l a b i l i t y  f o r  t h i s  c r i t i c a l  

maneuver. 

6.4.4 En t ry  A t t i t u d e  Cont ro l  - An e n t r y  a t t i t u d e  c o n t r o l  p r o p u l s i o n  system 

i s  r e q u i r e d  t o  c o n t r o l  t h e  s p a c e c r a f t  a t t i t u d e  d u r i n g  t h e  e n t i r e  e n t r y  phase  of 

t h e  m i s s i o n .  Th is  i n c l u d e s  t h e  t ime  p e r i o d  immediately fo l lowing  d e o r b i t  and t h e  

subsequent  a tmospher ic  f l i g h t  p o r t i o n  of t h e  d e s c e n t  t r a j e c t o r y .  Performance 

r e q u i r e m e n t s  and d e s i g n  concep t s  f o r  t h i s  sys tem a r e  d i s c u s s e d  h e r e .  

6 .4 .4 .1  Performance Requirements - Ent ry  a t t i t u d e  c o n t r o l  i s  r e q u i r e d  

( a )  t o  a c q u i r e  t h e  a p p r o p r i a t e  s p a c e c r a f t  o r i e n t a t i o n  b e f o r e  e n t e r i n g  t h e  

s e n s i b l e  atmosphere and (b) t o  p r o v i d e  t h e  a t t i t u d e  c o n t r o l  n e c e s s a r y  t o  f l y  

t h e  d e s i r e d  e n t r y  t r a j e c t o r y .  These maneuvers a r e  c h a r a c t e r i z e d  by t h e  need 

f o r  a  sys tem w i t h  m u l t i - a x i s  t h r u s t  ( p i t c h ,  yaw, and r o l l )  and a  p u l s i n g  mode of 

o p e r a t i o n s .  145 
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Figure 6-41 

BASELINE CONFIGURATIONS - ORBITAL MANEUVER SYSTEM 

/ Solid Propel lant 
Deorbit System 

Translat ion 
and Att i tude Control 

Engines ( 4  Quad Pack:) 

Vehrcles I/A, B and II /A, B 

Vehicles l i C ,  Dl E, F 

Packs) 

Att i tude Control 
Engines (Also Used 

for Entry) 
A A 

A- A 
(Rotated 90') 

Vehicles II/C, D, E, F 
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Figure 6-42 
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The t o t a l  impulse  r e q u i r e d  f o r  e n t r y  a t t i t u d e  c o n t r o l  i s  shown i n  F i g u r e  

6-43. S p e c i f i c  t h r u s t  l e v e l  d e t e r m i n a t i o n  w i l l  be  made i n  Task 6  u s i n g  t h e  

computer ized s i z i n g  model t o  o b t a i n  t h e  n e c e s s a r y  v e h i c l e  i n e r t i a  d a t a .  It i s  

e s t i m a t e d ,  however, t h a t  t h e s e  t h r u s t  l e v e l s  w i l l  r ange  from l e s s  t h a n  100 

pounds t o  abou t  5000 pounds, depending on ca rgo  weight  and v e h i c l e  c o n f i g u r a t i o n .  

6 .4 .4 .2  System Concept - Only one d e s i g n  concept  i s  cons idered  f o r  e n t r y  

a t t i t u d e  c o n t r o l :  a p r e s s u r e  f e d ,  NTO/MMH system s i m i l a r  t o  t h o s e  developed 

f o r  Gemini and Apol lo .  A l t e r n a t e  p r o p e l l a n t  o r  f eed  subsystem d e s i g n s  were 

n o t  i n v e s t i g a t e d .  The p o t e n t i a l  weight o r  c o s t  s a v i n g s  i n  such a  low t o t a l  

impulse  sys tem were cons idered  t o o  s m a l l  t o  war ran t  such an  e v a l u a t i o n  i n  

t h i s  s t u d y .  

The system l o c a t i o n  and eng ine  arrangement i s  i n f l u e n c e d  by t h e  c h o i c e  of 

o r b i t  maneuver sys tem ( S e c t i o n  6.4.3) f o r  t h e  v e h i c l e  types .  On i n t e g r a l  

v e h i c l e s ,  t h e  o r b i t  a t t i t u d e  c o n t r o l  eng ines  a r e  a l s o  used f o r  e n t r y  a t t i t u d e  

c o n t r o l .  For modular v e h i c l e s ,  a  s e p a r a t e  eng ine  group f o r  e n t r y  a t t i t u d e  

c o n t r o l  i s  i n s t a l l e d .  

A d d i t i o n a l  sys tem d e s i g n  c h a r a c t e r i s t i c s  a r e  p r e s e n t e d  i n  fo l lowing  

b a s e l i n e  sys tem d e s c r i p t i o n s .  

6 .4 .4 .3  B a s e l i n e  Systems D e s c r i p t i o n s  - The b a s e l i n e  system c o n f i g u r a t i o n  

f o r  e n t r y  a t t i t u d e  c o n t r o l  i s  shown i n  F i g u r e  6-44. Two, p r e s s u r e  f e d ,  

NTO/MMH p r o p e l l a n t  sys tems a r e  i n s t a l l e d ;  one of which i s  redundant .  A 

complete  backup system i s  provided because  t h i s  maneuver i s  c r i t i c a l  f o r  crew 

s a f e t y .  The modular v e h i c l e  e n t r y  sys tems a r e  complete ly  independent  of a l l  

o t h e r  s p a c e c r a f t  p r o p u l s i o n  s y s t e r s .  0 n . i n t e g r a l  v e h i c l e s ,  a l t h o u g h  t h e  e n t r y  

p r o p e l l a n t  i s  s t o r e d  i n  independent  t a n k s ,  t h e  t h r u s t  r e q u i r e d  i s  provided by 

t h e  o r b i t  a t t i t u d e  c o n t r o l  eng ines .  

6.4.5 Landing A s s i s t  - The t e r m i n a l  p o r t i o n  of t h e  l and ing  maneuvers i s  

c r i t i c a l  f o r  touchdown p o i n t  accuracy  and impact v e l o c i t i e s  f o r  t h e  M2-F2 and 

b a l l i s t i c  v e h i c l e s ,  r e s p e c t i v e l y .  Thus, a  l a n d i n g  a s s i s t  p r o p u l s i o n  system i s  

cons idered  f o r  bo th  v e h i c l e  geomet r ies .  System performance requ i rements  and 

d e s i g n  concep t s  a r e  d i s c u s s e d  i n  t h e  subsequent  pa ragraphs  and fol lowed by a  

d e s c r i p t i o n  of t h e  b a s e l i n e  c o n f i g u r a t i o n .  
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Figure 6-43 

ENTRY ATTITUDECONTROL 
TOTAL IMPULSE REQUIREMENTS 

BALL ISTIC 
a_l-- M2/ F2 
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Figure 6-44 

BASELINE CONFIGURATIONS - ENTRY ATTITUDE CONTROL 

Vehic le  i/A, B 

I 
Vehicle I I /A, B 

A-A 
(Rotated 90') 

Note: Same configuration for integral vehicles except orbit  att i tude 
control engines used 

6 .4 .5 .1  Performance Requirements - Landing a s s i s t  f o r  t h e  M2-F2 i s  a  

g l i d e  range  e x t e n s i o n  maneuver i n  which l o n g i t u d i n a l  t h r u s t  i s  p rov ided ,  

a f t e r  t h e  f i n a l  f l a r e ,  t o  augment t h e  v e h i c l e s ' s  subson ic  l i f t  t o  d r a g  r a t i o  

(LID). Although n o t  t h e o r e t r i c a l l y  madatory,  t h i s  maneuver c a p a b i l i t y  r e d u c e s  

t h e  accuracy  requ i rements  f o r  b o t h  t h e  guidance system and t h e  p i l o t ' s  

jude;ment. G l i d e  range  e x t e n s i o n  i s  a  s i n g l e  burn maneuver r e q u i r i n g  r e l a t i v e l y  

low t h r u s t  l e v e l s  and long burn  t imes .  S p e c i f i c  t h r u s t  and t o t a l  impulse  

requ i rements  a r e  shown i n  F i g u r e s  6-45 and 6-46. 

Landing a s s i s t  of t h e  b a l l i s t i c  v e h i c l e  i s  a  v e r t i c a l  v e l o c i t y  a t t e n u a t i o n  

maneuver, accomplished j u s t  b e f o r e  touchdown. Thrus t  i s  a p p l i e d  t o  r e d u c e  t h e  

v e r t i c a l  v e l o c i t y  a t  impact from t h a t  of p a r a c h u t e  t e r m i n a l  v e l o c i t y  down t o  

an  a c c e p t a b l y  low (20 f t / s e c )  v a l u e .  Only t h e  i n t e g r a l  b a l l i s t i c  v e h i c l e s  

( c a t e g o r i e s  C, D ,  E ,  and F) r e q u i r e  such a  maneuver. A s  d i s c u s s e d  i n  

S e c t i o n  4 . 7 ,  t h e i r  landed weigh t s  a r e  s o  h i g h  t h a t  t o  a c h i e v e  a c c e p t a b l e  impact 
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v e l o c i t i e s  w i t h  p a r a c h u t e s  a l o n e  i s  n o t  cons idered  f e a s i b l e .  V e r t i c a l  v e l o c i t y  

a t t e n u a t i o n  i s  a  s i n g l e  burn  maneuver r e q u i r i n g  h i g h  t h r u s t  l e v e i s  and a  

v e r y  s h o r t  (%  1 s e c )  b u r n  t ime.  The t h r u s t  and t o t a l  impulse  requirement  f o r  

t h i s  maneuver a r e  shown i n  F i g u r e s  6-47 and 6-48.  

6.4 .5 .2  Systems Concepts - The system d e s i g n  concept  f o r  g l i d e  range  

e x t e n s i o n  (M2-F2 v e h i c l e s )  i s  assumed t o  be  a  group of s o l i d  p r o p e l l a n t  motors .  

A l t e r n a t e  d e s i g n  concep t s  a r e  n o t  e v a l u a t e d .  The p o t e n t i a l  weight  o r  c o s t  

s a v i n g s  i n  such a  low t o t a l  impulse  system a r e  cons idered  t o o  s m a l l  t o  

s i g n i f i c a n t l y  improve v e h i c l e  weight  o r  c o s t .  S i m i l a r l y ,  s o l i d  motors  a r e  

used f o r  v e r t i c a l  v e l o c i t y  a t t e n u a t i o n  of c a t e g o r y  C b a l l i s t i c  v e h i c l e s .  

Figure 6-47 

BALLISTIC LANDING ASSIST THRUSnbEVEL REQUIREMENTS 

Cargo Weight - lo3 Lb 

0 2 5 50 75 
Cargo Weight - lo3 kgm 
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However, f o r  i n t e g r a l  b o o s t  v e r s i o n s  of t h e  b a l l i s t i c  v e h i c l e  ( c a t e g o r y  

D ,  E ,  and F ) ,  u s e  of t h e  upper s t a g e  b o o s t  e n g i n e s  was i n v e s t i g a t e d  f o r  l a n d i n g  

a s s i s t  a s  a n  a l t e r n a t e  t o  t h e  s o l i d  motor concept .  These eng ines  p r o v i d e  

s u f f i c i e n t  t h r u s t  f o r  t h e  l a n d i n g  maneuver. A s  a  r e s u l t ,  p r o h i b i t i v e  e n g i n e  

weight  p e n a l t y ,  normal ly  a s s o c i a t e d  w i t h  a  h i g h  t h r u s t  l i q u i d  p r o p e l l a n t  

sys tem,  i s  e l i m i n a t e d .  A d d i t i o n a l  tankage i s  needed, however, a s  t h e  q u a n t i t y  

of p r o p e l l a n t  r e q u i r e d  f o r  l a n d i n g  i s  t o o  s m a l l  t o  a l l o w  u s e  of t h e  l a r g e  b o o s t  

sys tem t a n k s .  

A major d i f f i c u l t y  invo lved  i n  u s i n g  t h e  boos t  eng ines  r e s u l t s  from t h e i r  

r e l a t i v e l y  s low response  c h a r a c t e r i s t i c s .  A s  i t  i s  d e s i r a b l e  t o  accomplish 

t h i s  d e c e l e r a t i o n  maneuver i n  a  s h o r t  t ime  p e r i o d  t o  minimize g r a v i t y  l o s s e s ,  

burn  t i m e s  a r e  u s u a l l y  l e s s  t h a n  one second d u r a t i o n .  T y p i c a l l y ,  t h e  b o o s t  

eng ines  r e q u i r e  about  t h r e e  seconds  t o  a t t a i n  f u l l  t h r u s t  and a n o t h e r  two seconds 

f o r  shutdown. Although an  a c c e p t a b l e  sequence of o p e r a t i o n  could  be e s t a b l i s h e d  

u s i n g  t h e s e  response  t imes ,  t h e  l o n g e r  t ime d u r a t i o n  would i n c r e a s e  t o t a l  

impulse  requ i rements .  A d d i t i o n a l  development t e s t i n g ,  bo th  on an  e n g i n e  

component and t o t a l  s p a c e c r a f t  l e v e l ,  i s  a l s o  r e q u i r e d  because  of t h e  i n c r e a s e d  

importance of t r a n s i e n t  performance and t h e  complex o p e r a t i o n a l  mode. F u r t h e r ,  

l a n d i n g  development t e s t s ,  a t  t h e  module Level ,  would r e q u i r e  a n o t h e r  s h i p  s e t  

of boos t  e n g i n e s .  The a d d i t i o n a l  development and t e s t  hardware c o s t  i s  

e s t i m a t e d  t o  exceed t h a t  of t h e  t o t a l  s o l i d  motor development program. 

Hence, w h i l e  u s e  of t h e  b o o s t  eng ines  appears  t e c h n i c a l l y  p o s s i b l e ,  l i t t l e  

i f  any weight  o r  c o s t  advantage i s  a n t i c i p a t e d .  For t h i s  r e a s o n ,  t h e  l e s s  

complicated method of s o l i d  p r o p e l l a n t  motors i s  used f o r  l a n d i n g  a s s i s t  of 

t h e  i n t e g r a l  b o o s t  b a l l i s t i c  v e h i c l e s .  

6 . 4 . 5 . 3  B a s e l i n e  System D e s c r i p t i o n  - The b a s e l i n e  l a n d i n g  a s s i s t  sys tem 

c o n f i g u r a t i o n s  a r e  shown i n  F i g u r e  6-49.  

G l i d e  range  e x t e n s i o n  of t h e  M2-F2 i s  accomplished by m u l t i p l e ,  s o l i d  motors  

l o c a t e d  i n s i d e  t h e  crew module. The motors a r e  r i p p l e  f i r e d  t o  p r o v i d e  a  degree  

of f l e x i b i l i t y  i n  t h e  d u r a t i o n  of t h r u s t  and,  t h e r e f o r e ,  i n  t h e  amount of g l i d e  

range  e x t e n s i o n  t h a t  i s  produced. 

V e r t i c a l  v e l o c i t y  a t t e n u a t i o n  of t h e  i n t e g r a l  b a l l i s t i c  v e h i c l e s  i s  

performed by s a l v o  f i r e  of m u l t i p l e  s o l i d  p r o p e l l a n t  motors  l o c a t e d  around 

t h e  p e r i p h e r y  of t h e  h e a t  s h i e l d ,  A s  noted i n  F i g u r e  6 - 4 9 ,  e x t e n d i b l e  motors  

- a r e  used t o  e l i m i n a t e  t h e  need f o r  blowing o u t  p o r t s  i n  t h e  h e a t  s h i e l d .  
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Figure 6-49 

BASELINE CONFIGURATIONS - LANDING ASSIST 

Vehicles l l /A, B, C, D, E, F 

Glide ~ a & e  Extension 
System (Internal) 

Solid Propel lant 
Vert ical Veloc i ty  
Attenuation System 
(Extendable Motors) 

Vehicles I/C, D, E, F 
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6.4.6 P r o p u l s i o n  System S i z i n g  Model - The s p a c e c r a f t  s i z i n g  model i n c l u d e s  

a subprogram which can  s e p a r a t e l y  s i z e  each of t h e  p r o p u l s i o n  system. Genera l  

d e s i g n  c h a r a c t e r i s t i c s  and performance requ i rements  f o r  each p r o p u l s i o n  system,  

a r e  s p e c i f i e d  a s  i n p u t  d a t a .  The system c h a r a c t e r i s t i c s  i n c l u d e  such i t e m s  

a s  t y p e  of p r o p e l l a n t ,  s p e c i f i c  impulse ,  and number of eng ines .  The g e n e r a l  

performance requ i rements  a r e  t h o s e  summarized i n  T a b l e  6-11, i . e . ,  t h r u s t  t o  

weight  r a t i o ,  v e l o c i t y  increment  (Av) , a n g u l a r  a c c e l e r a t i o n ,  e t c .  These 

i n p u t  d a t a  and t h e  o v e r a l l  v e h i c l e  weight  t h a t  i s  c a l c u l a t e d  i n  a  s e p a r a t e  mass 

p r o p e r t i e s  subprogram a r e  t h e n  used t o  e s t a b l i s h  t h e  s p e c i f i c  s i z e  of each 

p r o p u l s i o n  system. Major s i z e  c h a r a c t e r i s t i c s  t h a t  a r e  determined i n c l u d e  

p r o p e l l a n t  we igh t ,  system i n e r t  we igh t ,  t h r u s t  l e v e l  p e r  eng ine ,  and 

p r o p e l l a n t  t a n k  volumes. An i t e r a t i v e  c a l c u l a t i o n  p rocedure  i s  used 'because  

of t h e  s t r o n g  i n t e r a c t i o n  between o v e r a l l  s p a c e c r a f t  we igh t  and t h e  r e q u i r e d  

p r o p u l s i o n  system s i z e .  The o u t p u t  d a t a  a r e  used a s  i n p u t s  t o  t h e  c o s t  model 

a s  w e l l  a s  f o r  a  sys tem d e s c r i p t i o n  p r i n t o u t .  A more d e t a i l e d  d i s c u s s i o n  of 

t h e  p r o p u l s i o n  subprogram i s  provided i n  Volume 111. 

6.4.7 P r o p u l s i o n  R e l i a b i l i t y  - The nominal r e l i a b i l i t y  requ i rements ,  

f o r  each on board p r o p u l s i o n  system, a r e  shown i n  Tab le  6-3. To ensure  

t h a t  such requ i rements  a r e  r e a l i s t i c ,  a n  e s t i m a t e  of t h e  a t t a i n a b l e  r e l i a b i l i t y  

i s  made f o r  each a l t e r n a t e  p r o p u l s i o n  systems concept .  These e s t i m a t e s  a r e  

based on component r e l i a b i l i t y  d a t a  r e c e i v e d  from p r o p u l s i o n  hardware 

c o n t r a c t o r s  and on component f a i l u r e  r a t e  i n f o r m a t i o n  t h a t  h a s  been compiled 

by McDonnell. These d a t a  a r e  shown i n  Tab les  .6-20 and 6-21. The r e s u l t i n g  

r e l i a b l i t y  e s t i m a t e s  f o r  each p r o p u l s i o n  system a r e  summarized i n  Tab le  

6-22. The r e l i a b i l i t y  range ,  shown f o r  each system, r e f l e c t s  t h e  v a r i a t i o n  

due t o  a l t e r n a t e  d e s i g n  concep t s .  Comparing t h e s e  e s t i m a t e s  w i t h  t h e  r e q u i r e -  

ment of T a b l e  6-3 i n d i c a t e s  t h a t  t h e  a t t a i n a b l e  system r e l i a b i l i t y  i s  always 

g r e a t e r  t h a n  t h a t  r e q u i r e d ,  There fore ,  t h e  nominal p r o p u l s i o n  system 

r e l i a b i l i t y  requ i rement  a r e  cons idered  t o  b e  r e a l i s t i c  and can b e  met by t h e  

concep t s  t o  be  e v a l u a t e d  f u r t h e r  i n  Task 6. 
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6 .4 .6  - The s p a c e c r a f t  s i z i n g  model i n c l u d e s  

a  subprogram which can s e p a r a t e l y  s i z e  each of t h e  p r o p u l s i o n  systems.  Genera l  

d e s i g n  c h a r a c t e r i s t i c s  and performance requ i rements  f o r  each p r o p u l s i o n  sys tem,  

a r e  s p e c i f i e d  a s  i n p u t  d a t a ,  The system c h a r a c t e r i s t i c s  i n c l u d e  such i t e m s  

as  type  of p r o p e l l a n t ,  s p e c i f i c  impulse ,  and number of e n g i n e s .  The g e n e r a l  

performance requ i rements  a r e  t h o s e  summarized i n  Table  6-11, i . e . ,  t h r u s t  t o  

weight  r a t i o ,  v e l o c i t y  increment  ( A V ) ,  a n g u l a r  a c c e l e r a t i o n ,  e t c ,  These 

i n p u t  d a t a  and t h e  o v e r a l l  v e h i c l e  weight  t h a t  i s  c a l c u l a t e d  i n  a  s e p a r a t e  

mass p r o p e r t i e s  subprogram a r e  t h e n  used t o  e s t a b l i s h  t h e  s p e c i f i c  s i z e  of 

each p r o p u l s i o n  system.  Major s i z e  c h a r a c t e r i s t i c s  t h a t  a r e  determined i n c l u d e  

p r o p e l l a n t  we igh t ,  sys tem i n e r t  we igh t ,  t h r u s t  l e v e l  p e r  e n g i n e ,  and p rope l -  

l a n t  t a n k  volumes. An i t e r a t i v e  c a l c u l a t i o n  p rocedure  i s  used because  of 

t h e  s t r o n g  i n t e r a c t i o n  between o v e r a l l  s p a c e c r a f t  weight and t h e  r e q u i r e d  

p r o p u l s i o n  system s i z e .  The ou tpu t  d a t a  a r e  used a s  i n p u t s  t o  t h e  c o s t  model 

a s  w e l l  a s  f o r  a  sys tem d e s c r i p t i o n  p r i n t o u t .  A  more d e t a i l e d  d i s c u s s i o n  of 

t h e  p r o p u l s i o n  subprogram i s  provided i n  Volume 111. 

6.4.7 - The nominal r e l i a b i l i t y  requ i rements ,  

f o r  each on board p r o p u l s i o n  system,  a r e  shown i n  Table  6-3. To e n s u r e  

t h a t  such requ i rements  a r e  r e a l i s t i c ,  an e s t i m a t e  of t h e  a t t a i n a b l e  r e l i -  

a b i l i t y  i s  made f o r  each a l t e r n a t e  p r o p u l s i o n  systems concep t .  These e s t i m a t e s  

a r e  based on component r e l i a b i l i t y  d a t a  r e c e i v e d  from p r o p u l s i o n  hardware 

c o n t r a c t o r s  and on component f a i l u r e  r a t e  i n f o r m a t i o n  t h a t  h a s  been compiled 

by McDonnell. These d a t a  a r e  shown i n  Tab les  6-20 and 6-21. The r e s u l t i n g  

r e l i a b i l i t y  e s t i m a t e s  f o r  each p r o p u l s i o n  system a r e  summarized i n  Tab le  

6-22. The r e l i a b i l i t y  range,  shown f o r  each system,  r e f l e c t s  t h e  v a r i a t i o n  

due t o  a l t e r n a t e  d e s i g n  concep t s .  Comparing t h e s e  e s t i m a t e s  w i t h  t h e  

requirement  of Tab le  6-3 i n d i c a t e s  t h a t  t h e  a t t a i n a b l e  sys tem r e l i a b i l i t y  

i s  always g r e a t e r  t h a n  t h a t  r e q u i r e d .  T h e r e f o r e ,  t h e  nominal p r o p u l s i o n  

system r e l i a b i l i t y  requirement  a r e  cons idered  t o  b e  r e a l i s t i c  and can be  m e t  

by t h e  concepts  t o  b e  e v a l u a t e d  f u r t h e r  i n  Task 6.  
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T a b l e  6-20 

Component R e l i a b i l i t y  E s t i m a t e s  

Main o r b i t a l  maneuver e n g i n e  I .999 t o  .9995 

I ( , 9 9 8 9 / e n g i n e  s t a r t )  

Upper S t a g e  Boost  Eng ine  I .9975 

P r o p e l l a n t  t a n k s  I .9999 nomina l  

T a b l e  6-21 

Component F a i l u r e  R a t e s  

u e l  Supp ly  Leakage  

x i d i z e r  Supp ly  Leakage  

r e s s u r e  R e g u l a t o r  

o l e n o i d  Va lve  

T a b l e  6-22 

P r o p u l s i o n  System R e l i a b i l i t y  E s t i m a t e s  

a i n  O r b i t a l  Maneuver .9985 t o  .9999 

e o r b i t  ( s o l i d )  .99989 t o  .999996 

aunch  Escape  .9988 t o  .99999 

p p e r  S t a g e  Boost  .975 t o  .9989 

n t r y  A t t i t u d e  C o n t r o l  , 996  t o  ,9995 

l i d e  Range E x t e n s i o n  .99? t o  -99995 

e r t i c a l  V e l o c i t y  A t t e n u a t i o n  
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6,5 Environmental Control and Life Support (ECLS) Subsystem - The ECLS 
provides a controlled temperature environment for the crew and equipment and 

supplies necessary life support expendables. Certain other functions, such 

as CO partial pressure control, are also performed to provide an acceptable 2 
atmospheric environment. The ECLS requirements, some concepts for accomplish- 

ing the requirements, and baseline system definitions are discussed here. 

6.5.1 ECLS Requirements - The general ECLS requirements for various 

mission phases are listed in Table 6-23 below. The requirements are nearly 

the same for all vehicles, except for the cabin repressurization gas and the 

additional cooling required by the aerodynamic control-hydraulic system on 

lifting vehicles. These requirements are a function of vehicle size. 

Table 6-23 
ECLS Mission Requirements 

Launch (400 sec) Crew and equipment cooling 
Crew - 635 Btulhr-man (61K to 366K Btu) 
Equip. - 4000 to 10,020 Btu/hr. 

(192K to 480K Btu) 
Orbit Maneuver (2 - 24 hr) Expendables Supply 

02 - 2 lblman-day (8 to 48 lb) 
H20 - 6 lb/man-day (24 to 144 lb) 

De0rbi.t Operations Atmosphere Control 
C02 - Remove 2.25 lb/man-day (9 to 54 lb) 

Entry (60 min) 

Landing (20 min) Equipment Cooling: 4000 to 10,020 Btulhr 
(1330 to 3340 Btu) 

Aero Control System Cooling: 
(Lifting vehicle only) 

71,000 to 4,920,000 ~tu/hr 

6.5.2 Environmental Control/Life Support (ECLS) Subsystem Concepts - 

The ECLS subsystems developed for Mercury, Gemini, and Apollo manned flight 

are very similar in design and concept. Extensive and detailed optimization 

were performed in developing the ECLS subsystems for each of the above 

vehicles, and they have general characteristics which are similar. (See 

Table 6-24). 159 
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Table  6-24 

Mercury, Gemini, and Apollo ECLS Subsystem 

C h a r a c t e r i s t i c s  

Subl imator  

S e v e r a l  p o s s i b l e  subsystem v a r i a t i o n s  a r e  d i s c u s s e d  below. However, of 

t h e  a l t e r n a t e  subsystem approaches  d i s c u s s e d ,  only  t h e  r a d i a t o r / b o i l e r  v s  

a l l  b o i l e r  system f o r  h e a t  r e j e c t i o n  and t h e  c ryogen ic  v s  h i g h  p r e s s u r e  

gas  s t o r a g e  t r a d e s  a r e  expec ted  t o  have a  s i g n i f i c a n t  e f f e c t  upon ECLS subsystem 

c o s t .  

6 . 5 .2 .1  Atmosphere Supply and Gas Process ing  - Pure  oxygen atmosphere 

v s  a  two-gas a tmosphere ,  method of s t o r a g e ,  and t o t a l  c a b i n  atmosphere p r e s s u r e  

a r e  d i s c u s s e d .  

P u r e  oxygen atmosphere v s  a  two-gas atmosphere - A two-gas 

atmosphere t e n d s  t o  reduce t h e  f i r e  hazard  of p u r e  oxygen a tmospheres .  Th i s  

advantage,  however, i s  most pronounced d u r i n g  ground o p e r a t i o n  a t  s e a  l e v e l  

p r e s s u r e  where ground s e r v i c i n g  equipment can p rov ide  a  mixed gas  atmosphere.  

F u r t h e r ,  some flammable i t ems  provided f o r  convenience o r  f o r  comfort  i n  long 

d u r a t i o n  f l i g h t s  can be  e l i m i n a t e d  i n  a  s h o r t  d u r a t i o n  f l i g h t  l o g i s t i c s  v e h i c l e .  

There  a r e  no p h y s i o l o g i c a l  r easons  r e q u i r i n g  d i l u e n t  gas  i n  a l o g i s t i c s  v e h i c l e .  

Crew h a b i t a t i o n  p e r i o d s  a r e  s h o r t ;  pure  oxygen has  been used i n  o r b i t a l  f l i g h t s  
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of up t o  14 days w i t h  no a d v e r s e  a f f e c t s .  T h e r e f o r e ,  a  p u r e  oxygen c a b i n  

atmosphere was s e l e c t e d  f o r  t h i s  s t u d y .  

Method of gas  s t o r a g e  - Here a  meaningful  t r a d e  can b e  made 

between c ryogen ic  and h i g h  p r e s s u r e  t a n k s .  Cryogenic t a n k s  c o s t  more, weigh 

l e s s ,  and t a k e  l e s s  volume t h a n  h i g h  p r e s s u r e  t a n k s  b u t  h - v e  a  s t o r a g e  l i f e  

l i m i t e d  by t h e  q u a l i t y  of t h e i r  i n s u l a t i o n .  High p r e s s u r e  t a n k s  can s t o r e  

gas  f o r  i n d e f i n i t e  p e r i o d s ,  t h e y  a r e  a l s o  l e s s  complicated and more r e l i a b l e .  

Thus, b o t h  methods w i l l  be  s t u d i e d .  

T o t a l  c a b i n  atmosphere p r e s s u r e  - The c a b i n  p r e s s u r e  could  v a r y  

between 5 and 14.7  p s i a ,  a f f e c t i n g  t h e  ECLS d e s i g n  on ly  s l i g h t l y ,  ( f o r  example, 

f a n s  would have t o  be op t imized  f o r  t h e  p a r t i c u l a r  p r e s s u r e  chosen) .  Th i s  would 

n o t  s i g n i f i c a n t l y  a f f e c t  e i t h e r  ECLS subsystem weight  o r  c o s t .  Thus a  c a b i n  

p r e s s u r e  of 5 p s i  was s e l e c t e d  f o r  ECLS subsystem d e s i g n  i n  a l l  v e h i c l e s .  

6 .5 .2 .2  C02 C o n t r o l  - A c o n s i d e r a b l e  m i s s i o n  c a p a b i l i t y  advantage f o r  

long  m i s s i o n s  would occur  i f  a  molecu la r  s i e v e  were  used r a t h e r  t h a n  l i t h i u m  

hydroxide f o r  CO removal. For example, F igure  6-50 shows t h a t  t h e  molecu la r  
2  

s i e v e  i s  f a r  s u p e r i o r  f o r  even a  two-man system once t h e  m i s s i o n  d u r a t i o n  exceeds  

16 days .  However, f o r  t h e  l o g i s t i c  miss ion  d u r a t i o n  and range  of crew s i z e s  

under i n v e s t i g a t i o n ,  t h e  LiOH system weighs l e s s  and i s  a l s o  l e s s  complex s o  

t h a t  t h e  f i r s t  c o s t  of a  LiOH system shou ld  be  s m a l l e r .  Re-use of e i t h e r  

concept  would r e q u i r e  comparable replacement  and checkout .  The LiOH must b e  

r e p l a c e d  and t h e  molecu la r  s i e v e  m a t e r i a l  would probably  be r e p l a c e d  t o  avo id  

e x t e n s i v e  t e s t s  of i t s  performance a f t e r  each f l i g h t .  S i n c e  t h e r e  i s  no a p p a r e n t  

advantage f o r  molecu la r  s i e v e s  i n  l o g i s t i c s  f l i g h t s ,  LiOH was s e l e c t e d  f o r  C02 

a b s o r p t ~ i o n .  

6 .5 .2 .3  S p a c e c r a f t  Cool ing  - The Reference 4-1 s t u d y  i n d i c a t e s  a  l o g i s t i c s  

v e h i c l e  weight  s a v i n g  of more t h a n  300 l b .  by u s i n g  a  s p a c e  r a d i a t o r  w i t h  a 

w a t e r  b o i l e r ,  r a t h e r  t h a n  b o i l e r s  on ly .  Although u s u a l l y  l i g h t e r ,  t h e  r a d i a t o r -  

b o i l e r  method of h e a t  r e j e c t i o n  can r e s u l t  i n  g r e a t e r  c o s t .  Ex tens ive  a n a l y s i s  

and t e s t i n g  a r e  r e q u i r e d  f o r  t h e  r a d i a t o r  t o  e n s u r e  s u r v i v a l  through launch  h e a t -  

i n g  ( t e m p e r a t u r e s  of about  300 deg F) and o r b i t a l  s t o r a g e  t empera tu res  a s  low a s  

-160 deg F. However, i f  t h e  h e a t  d i s s i p a t i o n  o r  m i s s i o n  d u r a t i o n  requ i rements  

i n c r e a s e ,  t h e  weight  advantage of t h e  r a d i a t o r - b o i l e r  sys tem i n c r e a s e s  p r o p o r t i o n -  

a t e l y .  T h e r e f o r e ,  b o t h  t echn iques  f o r  h e a t  r e j e c t i o n  w i l l  b e  s t u d i e d .  The 

r a d i a t o r  approach i s  n o t  f e a s i b l e  on i n t e g r a l  v e h i c l e s  because  a tmospher ic  e n t r y  
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C 0 2  REMOVAL SYSTEMS Figure 6-50 

0 10 20 30 40 50 
System Operations - Man-Days 

h e a t i n g  would o v e r h e a t  t h e  c o o l a n t  and damage t h e  r a d i a t o r  u n l e s s  a  thermal  

p r o t e c t i v e  cover  i s  prov ided .  

6 . 5 . 3  B a s e l i n e  ECLS Subsystems - A summary of t h e  subsystem concep ts  i s  

given i n  Tab le  6-25 which a l s o  shows t o  which v e h i c l e  c o n f i g u r a t i o n  each  i s  

a p p l i c a b l e .  A s  i n d i c a t e d ,  t h e r e  a r e  two b a s e l i n e  c o n c e p t s ,  one f o r  t h e  modular 

v e h i c l e s  and one f o r  t h e  i n t e g r a l  v e h i c l e s .  The modular v e h i c l e  b a s e l i n e  i s  

d e s c r i b e d  f i r s t  and t h e  d i f f e r e n c e s  which a r e  r e q u i r e d  f o r  i n t e g r a l  v e h i c l e s  

fo l low.  These b a s e l i n e  subsystems a s  d e s c r i b e d  r e p r e s e n t  b e s t  f i r s t  e s t i m a t e s  

of minimum c o s t  c o n f i g u r a t i o n s .  The subsystem make-up w i l l  be  v a r i e d  sys temat -  

i c a l l y  i n  Task 6  t o  de te rmine  t h e  subsystem cor responding  w i t h  t h e  minimum 

t o t a l  program c o s t .  Table  6-26 shows t h e  r e l i a b i l i t y  e s t i m a t e s  f o r  t h e  major 

components o f  t h e  ECLS subsystem based on a  48-hour m i s s i o n .  

6 . 5 . 3 . 1  B a s e l i n e  1: Modular Vehic les  - The Environmental  C o n t r o l  and L i f e  

Support  subsystem (ECLS) c o n s i s t s  of f o u r  subsystems which p r o v i d e  b r e a t h i n g  

oxygen, atmosphere c o n t r o l ,  m e t a b o l i c  and equipment was te  h e a t  removal ,  and 

w a t e r  supp ly  and w a s t e  d i s p o s a l .  These a r e :  t h e  Gas Supply and C o n t r o l  

Subsystem, t h e  Gas P r o c e s s i n g  Subsystem, t h e  Heat Transpor t  C i r c u i t  Subsystem, 
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T a b l e  6-25 

ECLS SUBSYSTEM CONCEPT SUMMARY 

Water b o i l e r  and LiOH i n  EV;Primary 0 

Water b o i l e r ,  LiOH and p r i m a r y  

Water b o i l e r ,  LiOH and p r imary  O2 

B a s e l i n e  subsys t em 
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T a b l e  6-26 

ECLS COMPONENT RELIABILITY ESTIMATES 

Component 

S u p e r c r i t i c a l  O t a n k  2  
O H e a t  e x c h a n g e r  

2 
Gaseous l e a k a g e  

P r e s s u r e  r e g u l a t i o n  

S u i t  demand p r e s s u r e  r e g u l a t o r  

Compressor  and power s u p p l y  

Helium t a n k  and l e a k a g e  

S o l e n o i d  Va lves  ( s h u t o f f )  

E s t i m a t e d  R e l i a b i l i t y  

.999899 

> .99999 

.999424 

.999897 

.999376 

,993838 

.998844 

PS = . 9 9 9 9 9 / c y c l e  

and t h e  Water and Waste Management Subsys tem.  These  subsys t ems  a r e  shown 

s c h e m a t i c a l l y  i n  F i g u r e s  6-51 t h r o u g h  6-52. 

G a s  Supp ly  and  C o n t r o l  Subsystem - Oxygen i s  s u p p l i e d  f o r  p r e s s u r i z a t i o n ,  

l e a k a g e  makeup, and  m e t a b o l i c  consumpt ion .  The subsys t em i s  shown s c h e m a t i c a l l y  

i n  F i g u r e  6-51. The p r imary  oxygen s u p p l y  i s  s t o r e d  i n  s p h e r i c a l  h i g h  p r e s s u r e  

g a s  t a n k s .  P r i m a r y  oxygen r e g u l a t o r s  r e d u c e  t h e  p r i m a r y  oxygen s u p p l y  p r e s s u r e  

t o  150 p s i g  b e f o r e  d e l i v e r y  t o  t h e  demand, c a b i n  p r e s s u r e ,  and o t h e r  low p r e s s u r e  

r e g u l a t o r s .  The s e c o n d a r y  oxygen s u p p l y  i s  a l s o  s t o r e d  i n  s p h e r i c a l  h i g h  p r e s s u r e  

g a s  t a n k s .  Seconda ry  oxygen r e g u l a t o r s  r e d u c e  t h e  p r e s s u r e  t o  75 p s i a  f o r  s u p p l y  

t o  e i t h e r  t h e  s e c o n d a r y  ra te  v a l v e  o r  t o  t h e  Gas P r o c e s s i n g  Subsystem. The 

h i g h e r  p r i m a r y  oxygen s u p p l y  p r e s s u r e  (150 p s i )  p r e v e n t s  i n a d v e r t e n t  u s a g e  o f  t h e  

s e c o n d a r y  oxygen b y  p r e v e n t i n g  f l o w  t h r o u g h  t h e  s e c o n d a r y  oxygen r e g u l a t o r  which  

o n l y  opens  when t h e  p r i m a r y  oxygen p r e s s u r e  d r o p s  below 75 p s i .  Both sets  o f  

t a n k s  are s i z e d  b a s e d  on an  o p e r a t i n g  p r e s s u r e  o f  5000 p s i g .  T h i s  p r e s s u r e  l e v e l  

w a s  chosen  t o  min imize  volume,  y e t  t o  r ema in  n e a r  minimum w e i g h t  p o i n t .  

G a s  P r o c e s s i n g  Subsys tem - The g a s  p r o c e s s i n g  subsys t em c o n s i s t s  o f  two 

s e p a r a t e  s u i t  v e n t i l a t i o n  c i r c u i t s ,  one  f o r  t h e  p i l o t s  and a  s econd  f o r  t h e  o t h e r  
164 
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Figure 6-51 
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Figure 6-52 
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crewmen. F i g u r e  6-52 shows one v e n t i l a t i o n  c i r c u i t  s c h e m a t i c a l l y ;  f o r  c l a r i t y  

t h e  s u i t  d u c t i n g  t o  on ly  one man is  s h o m  s i n c e  t h e  d u c t i n g  f o r  t h e  o t h e r  men 

i s  i d e n t i c a l .  I n  o p e r a t i o n ,  redundant  f a n s  p r o v i d e  v e n t i l a t i o n  f low.  The 

s u i t  g a s e s  f low from t h e  f a n s  through an  LiOH c a n i s t e r  f o r  C02 a b s o r p t i o n  and a  

p a r a l l e l  c a n i s t e r  bypass  d u c t .  Th i s  arrangement a l lows  a  lower f l o w r a t e  th rough  

t h e  C02 a b s o r b e r  w i t h  r e t e n t i o n  of h i g h  C02 a b s o r p t i o n  e f f e c t i v e n e s s .  Downstream 

of t h e  C02 a b s o r b e r ,  t h e  s u i t  gases  f low through h e a t  exchangers which c o o l  t h e  

s u i t  v e n t i l a t i o n  oxygen and condense and remove mois tu re .  The oxygen t h e n  f lows  

through check and s h u t - o f f  v a l v e s  t o  t h e  p r e s s u r e  s u i t .  Leaving t h e  s u i t ,  t h e  

oxygen f lows through d e b r i s  t r a p s  t o  t h e  secondary r a t e  s h u t o f f  v a l v e .  T h i s  

v a l v e ,  i n  c o n j u n c t i o n  w i t h  t h e  check v a l v e  upst ream of t h e  s u i t  a l lows  i s o l a t i o n  

of t h e  man from t h e  remainder of t h e  c i r c u i t  i n  an  emergency. ( I n  a d d i t i o n  t o  

c l o s i n g  t h e  s u i t  o u t l e t ,  t h e  v a l v e  opens t h e  secondary oxygen supp ly  v a l v e  t o  

pe rmi t  a  f low of oxygen t o  purge C02 from t h e  s u i t ) .  A f t e r  l e a v i n g  t h e  secondary 

r a t e  s h u t o f f  v a l v e  t h e  v e n t i l a t i o n  g a s e s  r e t u r n  t o  t h e  compressor i n l e t .  

Heat T r a n s p o r t  C i r c u i t  Subsystem - Opera t ion  of t h e  subsystem,  shown i n  

F igure  6-53 i s  a s  f o l l o w s :  a  h e a t  t r a n s f e r  f l u i d  i s  c i r c u l a t e d  through two 

c i r c u i t s  by redundant  pumps i n  each loop.  The c o l d  p l a t e s  and h e a t  exchangers  

each have d u a l ,  redundant  passages  f o r  t h e  s e p a r a t e  l o o p s .  Only one c i r c u i t  

i s  shown, however, i n  F igure  6-53. The f low l e a v i n g  t h e  pumps f lows  through a 

s e l e c t o r  v a l v e  t o  t h e  r a d i a t o r  and through a  p a r a l l e l  branch i n  t h e  m i s s i o n  module. 

The warm f l u i d  f lowing  through t h e  m i s s i o n  module bypass is  mixed w i t h  t h e  c o l d  

f l u i d  l e a v i n g  t h e  r a d i a t o r  t o  p rov ide  t empera tu re  c o n t r o l .  The r a d i a t o r  bypass  

branch p r o v i d e s  w a s t e  h e a t  t o  keep v a r i o u s  m i s s i o n  module t a n k s  a t  a c c e p t a b l e  

t empera tu res .  The c o n t r o l l e d  t empera tu re  f l u i d  l e a v i n g  t h e  mixing v a l v e  t h e n  

f lows through t h e  s u i t  h e a t  exchangers ,  v a r i o u s  equipment c o l d p l a t e s ,  and then  

f lows t o  t h e  pump i n l e t .  J u s t  p r i o r  t o  d i s c a r d i n g  t h e  m i s s i o n  module, f low i s  

shunted from t h e  pump o u t l e t  t o  t h e  w a t e r  b o i l e r  i n l e t  by t h e  s e l e c t o r  v a l v e s .  

T h i s  w i l l  a l low a c t i v e  c o o l i n g  down t o  an a l t i t u d e  of about  100,000 f t .  Heat 

s i n k  t empera tu re  c o n t r o l  w i l l  t hen  s u f f i c e  f o r  a l l  b u t  t h e  aerodynamic c o n t r o l -  

h y d r a u l i c  sys tem u n t i l  l a n d i n g .  Cooling f o r  t h e  h y d r a u l i c  sys tem i s  d i s c u s s e d  

s e p a r a t e l y  below. 

- L i f t i n g  e n t r y  v e h i c l e s  w i l l  

have h i g h  power h y d r a u l i c  systems ( S e c t i o n  6 .7)  t o  move aerodynamic c o n t r o l  

s u r f a c e s .  Hydrau l ic  sys tem c o o l i n g  is  performed by redundant w a t e r  b o i l e r s  
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i n s t a l l e d  i n  t h e  h y d r a u l i c  system upst ream of t h e  pumps. The h y d r a u l i c  f l u i d  

f lows through t h e  b o i l e r  h e a t  exchanger where i t  i s  cooled by t h e  e v a p o r a t i o n  o f  

wa te r .  Water i s  s u p p l i e d  t o  t h e  b o i l e r  from w a t e r  t anks  s e p a r a t e  from t h e  

d r i n k i n g  w a t e r  supp ly .  The q u a n t i t y  of w a t e r  r e q u i r e d  v a r i e s  w i t h  v e h i c l e  s i z e .  

Water and Waste Management_Subsystem - Water f o r  d r i n k i n g  and f o r  sys tem 

c o o l i n g  i s  s t o r e d  i n  a p r e s s u r i z e d  b ladder - type  t a n k  shown i n  F i g u r e  6-54. 

Water i s  s u p p l i e d  on demand t o  t h e  crew a t  a  r e g u l a t e d  p r e s s u r e  of 5 p s i  above 

c a b i n  p r e s s u r e .  B o i l e r  w a t e r  i s  s u p p l i e d  on ly  when t h e  s o l e n o i d  supp ly  v a l v e  

i s  manually opened. Th is  v a l v e  is  in tended  t o  p reven t  l eakage  from t h e  b o i l e r  

dur ing  o r b i t a l  s t o r a g e .  The b o i l e r s  p rov ide  w a s t e  h e a t  r e j e c t i o n  a f t e r  l aunch  

whi le  t h e  r a d i a t o r  i s  c o o l i n g  down and d u r i n g  r e - e n t r y  a f t e r  t h e  m i s s i o n  module 

and r a d i a t o r  have been d i s c a r d e d .  During t h e  i n t e r v e n i n g  f l i g h t ,  i t  i s  used  f o r  

peak l o a d  s h a r i n g .  Ur ine  w i l l  b e  c o l l e c t e d  i n  u r i n e  r e c e i v e r s  and dumped over- 

board a s  i n  t h e  Gemini and Apollo sys tems.  

6.5.3.2 B a s e l i n e  2 :  I n t e g r a l  Vehic les  - The i n t e g r a l  v e h i c l e  b a s e l i n e  

ECLS concept  i s  i d e n t i c a l  w i t h  t h e  modular excep t  t h a t  t h e  i n t e g r a l  v e h i c l e  does 

n o t  u s e  a  r a d i a t o r  f o r  h e a t  d i s s i p a t i o n  and r e q u i r e s  a d d i t i o n a l  w a t e r  f o r  c o o l i n g .  

A r e v i s e d  Heat T r a n s p o r t  c i r c u i t  schemat ic  i s  g iven  i n  F igure  6-55 which . i n d i c a t e s  

t h e  c i r c u i t  changes.  The a d d i t i o n a l  w a t e r  needed w i l l  a l s o  r e q u i r e  e i t h e r  a l a r g e r  

t ank  o r  m u l t i p l e  t a n k s .  

6.5.4 Environmental  Cont ro l  System S i z i n g  Model - The s i z i n g  r o u t i n e  com- 

p u t e s  an a tmospher ic  gas  supply system based upon t h e  number of men and t h e  

volume r e q u i r e d  f o r  t h e  men, a  h e a t  t r a n s p o r t  loop  based upon peak and t o t a l  

h e a t  l o a d s ,  and a  w a t e r  management sys tem based upon crew and equipment r e q u i r e -  

ments .  The mass p r o p e r t i e s  r o u t i n e  computes volume requirements  f o r  t h e  sys tem 

and accounts  f o r  i t s  weight  and c e n t e r  of g r a v i t y  i n  t h e  ba lance  p o r t i o n  of t h e  

r o u t i n e  . 
6 . 6  AVIONICS SUBSYSTEM - The a v i o n i c s  subsystem c o n s i s t s  of guidance and 

c o n t r o l ,  te lecommunicat ion,  and on-board checkout .  Each of t h e s e  i s  d i s c u s s e d  

s e p a r a t e l y .  

6 . 6 . 1  - Avion ics  subsystem requ i rements  a r e  

summarized f o r  each m i s s i o n  phase  i n  Table  6-27.  Bas ic  requ i rements  a r e  indepen- 

d e n t  from t h e  t y p e  of e n t r y  v e h i c l e  and a r e  o n l y  s l i g h t l y  a f f e c t e d  by t h e  

modular c o n c e p t ,  
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Figure 6-55 
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TABLE 6-27 

AVIONICS SYSTEM REQUIREMENTS 

Voice and Telemetry  Accuracy requirement  

Back-up Guidance 

upper s t a g e  eng ine  

Launch Abort  Voice and Telemetry 

Abort S t a b i l i z a t i o n  

O r b i t  Maneuver Voice and Telemetry  Range - +0.1% o r  +75 f t  

Determine T a r g e t  Loca t ion  D i r e c t i o n  - +8.5 mrad 

A t t i t u d e  - 4-0.3 deg 

O r b i t a l  S t o r a g e  Onboard Checkout 

Voice and Telemetry  T h r u s t  - +0.3% 

Monitor R e t r o t h r u s t  A t t i t u d e  - i-0.3 deg 

Voice and Telemetry  +4 na m i  @ 50K f t  

Re-entry Naviga t ion  Accuracy requirement  

r e l a x e s  t o  +12 na m i  f o r  

wa te r  recovery  

Ra te  S t a b i l i z a t i o n  

P o s t  Landing Recovery Beacon and Long 
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The r e l i a b i l i t y  requ i rements  f o r  a  l a n d  l a n d i n g  a r e  more s t r i n g e n t  t h a n  

f o r  a  wa te r  recovery ,  r e q u i r i n g  t h e  a d d i t i o n  of a  back-up guidance system 

( i n e r t i a l  r e f e r e n c e  and computer)  t o  t h e  G&C system. When a n  upper s t a g e  

e n g i n e  i s  inc luded  a s  a n  i n t e g r a l  p a r t  o f  t h e  e n t r y  v e h i c l e ,  t h e  G&C sys tem 

must f u r t h e r  expand over  t h a t  r e q u i r e d  f o r  a l and  l a n d i n g .  A t h i r d  i n e r t i a l  

r e f e r e n c e  must be added f o r  v o t i n g  redundancy and t h e  f l i g h t  c o n t r o l  sys tem 

must be  expanded, 

6 .6 .2  - Two c o n c e p t s ,  Gemini and advanced, 

were cons idered  f o r  t h e  Guidance and Cont ro l  system. The f o u r  b a s e l i n e  

d e f i n i t i o n s  cons idered  d i f f e r e d  o n l y  i n  t h e i r  d e g r e e  of redundancy. 

6 . 6 . 2 . 1  - The Gemini system, t h e  Apollo system, and a n  

advanced system were i n i t i a l l y  cons idered  a s  t h r e e  s e p a r a t e  concep t s  f o r  t h e  

G&C system. However, t h e  on ly  s i g n i f i c a n t  d i f f e r e n c e  between t h e  Gemini and 

Apol lo  sys tems i s  t h e  method of i n - o r b i t  a l ignment .  The Apollo i n e r t i a l  a l i g n -  

ment subsystem i s  an  o p t i c a l  subsystem. Although i t  cou ld  be  used,  i t  i s  

cons idered  t o o  bu lky ,  expens ive ,  and complex f o r  t h e  needs  of a  l o g i s t i c  

v e h i c l e .  I n  c o n t r a s t ,  a  hor izon  s e n s o r  was used w i t h  t h e  Gemini system f o r  

au tomat ic  l o c a l  v e r t i c a l  a l ignment  of t h e  i n e r t i a l  p l a t f o r m ,  Although 

p h y s i c a l l y  d i f f e r e n t ,  t h e  Gemini and Apollo i n e r t i a l ,  computer, and f l i g h t  

c o n t r o l  subsystems a r e  v i r t u a l l y  t h e  same i n  concep t .  C i r c u i t  and c o n s t r u c t i o n  

t e c h n i q u e s  a r e  v i r t u a l l y  t h e  same i n  t h e  two systems.  P h y s i c a l  d i f f e r e n c e s  

a r e  t h e  r e s u l t  of d i f f e r e n t  func t ' iona l  r equ i rements  and mode d e f i n i t i o n s .  

Consequent ly ,  o n l y  two G&C concep t s  a r e  cons idered :  Gemini and advanced. 

The term " ~ e m i n i  concep tu  i s  used f o r  convenience on ly .  It should n o t  be  

cons t rued  t o  mean e x c l u s i v e  u s e  of Gemini hardware.  Miss ion requ i rements  f o r  

t h e  l o g i s t i c s  v e h i c l e  d i c t a t e  t h e  b a s i c  d e f i n i t i o n  of t h e  G&C. C i r c u i t  and 

c o n s t r u c t i o n  t e c h n i q u e s  w i l l  cause  t h e  advanced. system t o  be  s m a l l e r ,  w i t h  a  

h i g h e r  r e l i a b i l i t y  and w i t h  an a n t i c i p a t e d  l o n g e r  l i f e  and r e u s e  c a p a b i l i t y .  

I n  a d d i t i o n ,  i t  i s  assumed t h a t  strap-down p l a t f o r m s  w i l l  r e p l a c e  

gimbal led p l a t f o r m s  i n  t h e  advanced concept .  The strap-down p l a t f o r m  o f f e r s  

many advan tages  i n  comparison w i t h  a  g imbal led p l a t f o r m ,  b u t  i t s  u s e  i n  a 

pr imary i n e r t i a l  r e f e r e n c e  c a p a c i t y  should be  approached w i t h  c a u t i o n .  It i s  

known t h a t  strap-down p l a t f o r m s  e x h i b i t  performance d e g r a d a t i o n  due t o  e f f e c t s  

of v e h i c l e  body motion and v i b r a t i o n .  S i n c e  a c c u r a t e  d e s c r i p t i o n s  of t h e s e  
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environments  a r e  l a c k i n g ,  i t  i s  d i f f i c u l t  t o  p r e d i c t  t h e  e x t e n t  of performance 

d e g r a d a t i o n .  Also,  i t s  performance a s  a  n a v i g a t i o n  a i d  h a s  n o t  y e t  been  demon- 

s t r a t e d  d u r i n g  a c t u a l  s p a c e c r a f t  f l i g h t s .  

Tab le  6-28 summarizes t h e  concep t s  f o r  t h e  Guidance and Cont ro l  sub- 

sys tem and i n d i c a t e s  t h e  v e h i c l e  a p p l i c a t i o n s .  

6.6.2.2 G & C  B a s e l i n e  D e f i n i t i o n s  - There  a r e  f o u r  GhC b a s e l i n e  d e f i -  

n i t i o n s  ( i d e n t i f i e d  a s  G C - 1 ,  -2, -3 and - 4 ) ;  they  d i f f e r  i n  t h e  d e g r e e  of 

redundancy which i s  employed i n  t h e  subsystems. Each b a s e l i n e  system c o n s i s t s  

of an  i n e r t i a l  r e f e r e n c e  subsystem, a  computer subsystem, and a  f l i g h t  c o n t r o l  

subsystem. The rendezvous r a d a r  h a s  been ass igned  t o  t h e  te lecommunicat ion 

system t o  pe rmi t  a  more e q u i t a b l e  comparison of t h e  te lecommunicat ion concep t s .  

Redundancy requ i rements  of t h e  f o u r  sys tems a r e  i n f l u e n c e d  by m i s s i o n  r e q u i r e -  

ments which a r e  r e l a t e d ,  t o  a  c e r t a i n  d e g r e e ,  t o  v e h i c l e  c o n f i g u r a t i o n .  

F i g u r e  6-56 i s  a  b l o c k  diagram which shows t h e  o v e r a l l  d i f f e r e n c e s  between 

systems.  P h y s i c a l  c h a r a c t e r i s t i c s  of t h e  f o u r  systems a r e  p r e s e n t e d  i n  

Tab le  6-29. 

System G C - 1  i s  t h e  s m a l l e s t  and i s  in tended  f o r  a  wa te r  r e c o v e r a b l e  

v e h i c l e  ( v e h i c l e  c o n f i g u r a t i o n  I-A). It  c o n t a i n s  an  I n e r t i a l  Measurement 

Uni t  ( I M U ) ,  a  h o r i z o n  s e n s o r ,  a  computer, a  f l i g h t  c o n t r o l  sys tem,  a  t ime  

r e f e r e n c e ,  a n  A u x i l i a r y  Tape Memory (ATM), and d i s p l a y s  and c o n t r o l s .  The 

I M U  c o n s i s t s  of a  four-gimbal led p l a t f o r m ,  i t s  a s s o c i a t e d  e l e c t r o n i c s ,  and a  

p l a t f o r m  mount. A g imbal led p l a t f o r m  i s  s e l e c t e d  i n  p r e f e r e n c e  t o  a  s t r a p -  

down p l a t f o r m  because  of t h e  l a t t e r ' s  performance u n c e r t a i n t y .  A four-gim- 

b a l l e d  p l a t f o r m  i s  s e l e c t e d  i n  p r e f e r e n c e  t o  a  three-gimbal led u n i t  t o  e l i m -  

i n a t e  a t t i t u d e  c o n t r o l  r e s t r i c t i o n s .  The Gemini program demonstra ted t h a t  a 

four-gimbal led p l a t f o r m  i s  s u f f i c i e n t l y  a c c u r a t e  f o r  t h e  guidance sys tem's  

accuracy  requ i rements  f o r  i n s e r t i o n  and re -en t ry .  

The computer i s  a  general -purpose  d i g i t a l  computer w i t h  f l e x i b l e  memory 

s i m i l a r  t o  t h e  Gemini because  i t  i s  f l i g h t - p r o v e n ,  and h a s  s u f f i c i e n t  v e r s a t i -  

l i t y ,  s i z e ,  and c a p a b i l i t y  t o  meet t h e  m i s s i o n  requ i rements  of a  l o g i s t i c s  

v e h i c l e .  

The f l i g h t  c o n t r o l  sys tem i s  of t h e  Gemini t y p e ,  c o n s i s t i n g  of a n  

ana log  computer,  two s e t s  of r a t e  g y r o s  ( f o r  r e l i a b i l i t y ) ,  and c o n t r o l  s w i t c h i n g  

e l e c t r o n i c s .  
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TABLE 6-28 

GUIDANCE AND CONTROL SUBSYSTEM CONCEPT SUMMARY 

Gimballed and Strap-down I M U  

Dual Computers, S i n g l e  FCS 

Gimballed and Strap-down I M U  I A  (Land Landing) ,  I B ,  
I I A ,  I I B  and I I C  

Dual Computers, Redundant FCS 

2 Gimballed and 1 Strap-down I D ,  IE ,  I F ,  I I D ,  I I E ,  I I F  

IMU, Dual Computers, Redundant 

I A  (Water Landing) 

Advanced Concept of GC-3 I A  (Land Landing) ,  I B ,  

I I A ,  I I B  and I I C  

?t B a s e l i n e  Concept 

1 These concep t s  a r e  a l s o  a p p l i c a b l e  f o r  v e h i c l e s  I A ,  I B ,  I C ,  I I A ,  I I B ,  and 
I I C  f o r  i n t e g r a t e d  b o o s t e r - s p a c e c r a f t  guidance sys tems.  

2 Advanced concep ts  employ advanced c i r c u i t  t echn iques  and r e p l a c e  gimbal led 
p l a t f o r m s  w i t h  strap-down p l a t f o r m s .  
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Figure 5-56 

GUIDANCE AND GQNTROL BLOCK DIAGRAM 

To Booster Autopilot 
(for Concepts GC-1,2 & 3) 

T o  Propulsion and 
Aerodynamic Control 
Devices 

Notes: 

h ~ h i s  equipment added for GC-2 concept and i s  also common t o  concepts GC-3 and GC-4. +., 

&This equipment added for GC-3 concept and i s  also common t o  concept GC-4. 

A T h i s  equipment added for concept GC-4. 

A The rendezvous radar i s  considered as a part of the~telecommunication system 
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The d i s p l a y s  and c o n t r o l s  c o n s i s t  of two a t t i t u d e  and r a t e  d i s p l a y s ,  

a manual inpu t - readout  u n i t  t o  t h e  computer, and t h e  c o n t r o l s  f o r  t h e  G&C 

o p e r a t i o n  and s e l e c t i o n .  For modular concep t s  t h a t  u s e  an  a f t  docking mode, 

t h e  d i s p l a y s  and c o n t r o l s  f o r  docking a r e  d u p l i c a t e d  i n  t h e  docking s t a t i o n  i n  

t h e  m i s s i o n  module. 

The h o r i z o n  s e n s o r  i s  a the rmopi le  edge t r a c k e r  which can a l i g n  t h e  

i n e r t i a l  r e f e r e n c e  t o  t h e  accuracy  r e q u i r e d .  A four-head system i s  s e l e c t e d  

i n  p r e f e r e n c e  t o  a three-head system f o r  i n c r e a s e d  r e l i a b i l i t y .  

The t ime  r e f e r e n c e  i s  a n  e l e c t r o n i c  t i m e r  s i m i l a r  t o  t h e  one used on 

Gemini. 

The a u x i l i a r y  t a p e  memory p rov id ing  a n  enhanced program s t o r a g e  and 

r e l o a d  c a p a b i l i t y ,  was s u c c e s s f u l l y  used on Gemini. Added p r i m a r i l y  f o r  

r e l i a b i l i t y  c o n s i d e r a t i o n s ,  i t  a l s o  s e r v e s  t o  i n c r e a s e  t h e  e f f e c t i v e  s i z e  and 

c a p a b i l i t y  of t h e  d i g i t a l  computer. 

B a s e l i n e  sys tem GC-2 i s  t h e  same a s  GC-1 w i t h  an  added back-up gu idance  

system t o  i n c r e a s e  t h e  p r o b a b i l i t y  of meet ing t h e  l and  l and ing  accuracy  

requ i rement .  The back-up guidance sys tem i s  needed on a l l  v e h i c l e s  in tended  

f o r  a l a n d  l a n d i n g ,  i t  c o n s i s t s  of a computer and a n  I M U .  The computer w i l l  

be  t h e  same a s  t h e  pr imary computer, b u t  t h e  IMU w i l l  be  a strap-down p l a t f o r m .  

The strapped-down c o n f i g u r a t i o n  i s  s e l e c t e d  because  of i t s  d e f i n i t e  advan tages  

i n  s i z e ,  we igh t ,  mechanical  s i m p l i c i t y ,  and c o s t .  The performance u n c e r t a i n t y  

of t h e  strapped-down mechan iza t ion  i s  n o t  a s e r i o u s  d e f i c i e n c y  i n  a back-up 

c a p a c i t y .  

B a s e l i n e  sys tem GC-3 i s  f o r  v e h i c l e s  which a r e  s t e e r a b l e  d u r i n g  t h e  

t e r m i n a l  l a n d i n g  phase .  GC-3 i s  t h e  same a s  GC-2 w i t h  t h e  a d d i t i o n  of a f u l l y  

redundant  f l i g h t  c o n t r o l  system f o r  l and ing  s a f e t y .  Some a d d i t i o n a l  d i s p l a y s  

and c o n t r o l s  w i l l  a l s o  b e  r e q u i r e d .  

B a s e l i n e  sys tem GC-4 is  f o r  a l l  v e h i c l e  c o n f i g u r a t i o n s  w i t h  a n  i n t e g r a l  

upper - s tage  eng ine .  GC-4 i s  t h e  same a s  GC-3 w i t h  t h e  a d d i t i o n  of a t h i r d  I M U  

f o r  complete  a s c e n t  gu idance  c a p a b i l i t y .  T h i s  I M U  w i l l  b e  t h e  same a s  t h e  

pr imary IMU. That i s ,  i t  w i l l  have a four-gimball-ed p la t fo rm.  A g imba l led  

p l a t f o r m  i s  p r e f e r r e d  f o r  back-up a s c e n t  guidance because  of t h e  i n s e r t i o n  

accuracy  requ i rement .  Although a three-gimbal led u n i t  would b e  s a t i s f a c t o r y ,  

a four-gimbal led p l a t f o r m  w a s  s e l e c t e d  f o r  commonality. 
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I t  h a s  been c o n s e r v a t i v e l y  e s t i m a t e d  t h a t  e l e c t r o m e c h a n i c a l  equipment,  

such a s  g y r o s  and d i s p l a y s ,  can b e  used,  and r e f u r b i s h e d  a s  n e c e s s a r y ,  f o r  f o u r  

t imes .  For  predominate ly  e l e c t r o n i c  equipment,  it i s  e s t i m a t e d  t h a t  t h i s  

equipment can  be  used 1 0  t i m e s .  An accep tance  t e s t  would b e  r e q u i r e d  t o  d e t e r -  

mine t h e  d e g r e e  of re fu rb i shment  t h a t  would b e  r e q u i r e d .  

T a b l e  6-30 shows t h e  r e l i a b i l i t y  e s t i m a t e s  f o r  t h e  f o u r  b a s e l i n e  G&C 

concep t s .  

6.6.2.3 A l t e r n a t i v e s  - The pr imary G&C a l t e r n a t i v e  assumes e x t e n s i v e  

u s e  of advanced c i r c u i t  t e c h n i q u e s  ( i . e . ,  i n t e g r a t e d  c i r c u i t s )  and t h e  r e p l a c e -  

ment of g imba l led  p l a t f o r m s  w i t h  strap-down p l a t f o r m s .  The u s e  of t h e  advanced 

t e c h n i q u e  does  n o t  a f f e c t  t h e  b a s i c  G&C system d e f i n i t i o n .  There fore ,  t h e r e  

i s  a n  advanced e q u i v a l e n t  t o  each of t h e  f o u r  b a s e l i n e  sys tems which were d i s -  

cussed i n  S e c t i o n  6.6.2.2.  These sys tems,  i d e n t i f i e d  a s  GC-5, -6, -7,  and -8, 

a r e  t h e  advanced c o u n t e r p a r t s  of G C - I ,  -2, -3 ,  and -4,  r e s p e c t i v e l y .  R e f e r  t o  

Tab le  6-31 f o r  a comparison of t h e  p h y s i c a l  c h a r a c t e r i s t i c s  of a l l  e i g h t  

sys tems.  

Advance c i r c u i t  t e c h n i q u e s  a r e  r a p i d l y  becoming s t a t e - o f - t h e - a r t  and 

w i l l  c a u s e  an  a p p r e c i a b l e  s i z e  and weight  s a v i n g s  i n  u n i t s  which a r e  predomi- 

n a t e l y  e l e c t r o n i c .  A p o t e n t i a l  c o s t  s a v i n g s  can a l s o  be  r e a l i z e d  w i t h  advanced 

c i r c u i t  t e c h n i q u e s ,  b u t  on ly  on r e l a t i v e l y  l a r g e  p r o d u c t i o n  q u a n t i t i e s .  

Cau t ion  should be  used i n  c o n s i d e r i n g  strap-down p l a t f o r m s  a s  a r e p l a c e -  

ment f o r  g imbal led p l a t f o r m s .  The advantages  of a strap-down p l a t f o r m  a r e  many 

and s i g n i f i c a n t  and might c a u s e  i t s  major drawback ( i t s  performance u n c e r t a i n t y )  

t o  b e  over looked.  When i t  does  become a s u i t a b l e  s u b s t i t u t e ,  i t  w i l l  o f f e r  a 

s i g n i f i c a n t  s a v i n g s  i n  s i z e ,  we igh t ,  power, and c o s t .  It should a l s o  p r o v i d e  

a l o n g e r  l i f e  w i t h  a lower c o s t  f o r  maintenance and r e p a i r .  It should b e  

noted t h a t  t h e  development and procurement c o s t  v a r i a t i o n s  f o r  t h e s e  a l t e r n a t e  

sys tems cannot  be r e a d i l y  e s t i m a t e d .  They are inc luded  h e r e  t o  show t h e  

expected d e s i g n  v a r i a t i o n s ;  t h e  approach used i n  t h i s  c o s t  a n a l y s i s  i s  e x p l a i n e d  

i n  Vol. 11, Book 3. 

A second a l t e r n a t i v e  which can b e  cons idered  f o r  f u t u r e  c o s t  s t u d i e s  

i n v o l v e s  i n t e g r a t i o n  of t h e  b o o s t e r  guidance and c o n t r o l  system w i t h  t h a t  of 

t h e  s p a c e c r a f t .  It cannot  be  e v a l u a t e d  a s  p a r t  of t h i s  s t u d y  however because  
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TABLE 6-30 

RELIABILITY OF BASELINE G & C CONCEPTS 

3 .  F l t .  C o n t r o l  S y s t .  

4 .  D i s p l a y s  & C o n t r o l s  

5. Horizon Sensor  

6. Time Refe rence  

7 .  Aux. Tape Memory 

8. S t r a p  Down I M U  

9. Landing D i s p l a y s  and 

(R) Redundant p a t h s  

(R ) Double redundancy 
2 
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l aunch  v e h i c l e  c o s t s  a r e  be ing  t r e a t e d  p a r a m e t r i c a l l y  and do n o t  i d e n t i f y  c o s t s  

a t  t h e  subsystem l e v e l .  

6.6.3 Telecommunications (Telecom) - Four concep t s  f o r  t h e  telecom- 

munica t ion  system were cons idered .  The b a s e l i n e  sys tem s e l e c t e d  i s  a Uni f i ed  

S-Band w i t h  s e p a r a t e  rendezvous r a d a r  u s i n g  s t a t e - o f - t h e - a r t  c i r c u i t  t e c h n i q u e s .  

6 .6 .3 .1  Concepts - The te lecommunicat ions  sys tem p r o v i d e s  t h e  i n t e l -  

l i g e n c e  l i n k  between t h e  ground and t h e  s p a c e c r a f t  and between t h e  s p a c e  

s t a t i o n  and t h e  s p a c e c r a f t .  It p r o v i d e s  f o r :  ground t r a c k i n g  of t h e  space-  

c r a f t ;  two-way v o i c e  communications t o  t h e  ground and t o  t h e  space  s t a t i o n ;  

ground t o  s p a c e c r a f t  d a t a  o r  command l i n k ;  s p a c e c r a f t  t o  ground d a t a  l i n k ;  

r ecovery  a i d s ;  and r a n g e ,  r ange  r a t e ,  and body r e f e r e n c e d  t a r g e t  a n g l e  d a t a .  

Four concep t s  were cons idered .  The f i r s t  concept  i n v o l v e s  t h e  u s e  of 

s e p a r a t e  subsystems a s  was done on Gemini. I n  t h e  second,  a l l  subsystems 

w i t h  t h e  e x c e p t i o n  of t h e  rendezvous r a d a r  a r e  u n i f i e d  i n t o  a n  i n t e g r a t e d  ( o r  

Unif ied S-Band) sys tem a s  was done on Apol lo ,  The t h i r d  concept  i s  n a t u r a l  

e x t e n s i o n  of t h e  second and i n c l u d e s  rendezvous r a n g i n g  a s  a n  i n t e g r a l  p a r t  of 

t h e  Uni f i ed  S-Band system. A f o u r t h  concept  assumes t h e  u s e  of advanced c i r -  

c u i t  t e c h n i q u e s  ( i n t e g r a t e d  c i r c u i t s ) .  

Advantages of t h e  " s e p a r a t e  systems" concept  a r e  i t s  s m a l l  s i z e ,  we igh t ,  

and s i m p l i c i t y .  Its d i s a d v a n t a g e s  i n c l u d e  l i m i t e d  f l e x i b i l i t y  and l i m i t e d  

growth c a p a b i l i t y .  

Using Apol lo  equipment a s  a b a s i s  f o r  comparison,  t h e  Uni f i ed  S-Band 

w i t h  s e p a r a t e  r a d a r  concept  o f f e r s  f l e x i b i l i t y  and growth c a p a b i l i t y ,  r e d u c e s  

t h e  number of s e p a r a t e  sys tems ,  and o f f e r s  a h i g h e r  r e l i a b i l i t y .  It i s  a l s o  

l a r g e r ,  h e a v i e r ,  and h a s  a g r e a t e r  c i r c u i t  complexi ty  t h a n  t h e  " s e p a r a t e  

systems" concept .  These d i s a d v a n t a g e s  a r e  r e l a t e d  i n  p a r t  t o  t h e  i n c r e a s e d  

u s e  of redundancy i n  t h e  Apol lo  equipment. 

The Uni f i ed  S-Band system,  w i t h  i n t e g r a l  rendezvous rang ing ,  f u r t h e r  

reduces  t h e  number of s e p a r a t e  sys tems,  however, i t s  o v e r a l l  c i r c u i t  com- 

p l e x i t y  i s  i n h e r e n t l y  t h e  g r e a t e s t .  

The advanced i n t e g r a t e d  c i r c u i t  concept  can be  a p p l i e d  t o  each of t h e  

t h r e e  p r e v i o u s  concep t s .  Although i t  o f f e r s  s i g n i f i c a n t  r e d u c t i o n s  i n  s i z e  

and weigh t ,  i t s  u s e  would a l s o  r e q u i r e  developing of new equipment. Equipment 
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which employs advanced c i r c u i t  t e c h n i q u e s  w i l l  have a longer  l i f e  and a l o n g e r  

r e u s e  c a p a b i l i t y .  

6.6.3.2 B a s e l i n e  D e f i n i t i o n  - The te lecommunicat ion system i s  unaf-  

f e c t e d  by v e h i c l e  c o n f i g u r a t i o n ;  o n l y  one b a s e l i n e  sys tem i s  r e q u i r e d ,  The 

s e l e c t e d  b a s e l i n e  sys tem i s  t h e  Uni f i ed  S-Band w i t h  s e p a r a t e  rendezvous r a d a r  

u s i n g  s t a t e - o f - t h e - a r t  c i r c u i t  t echn iques .  A b l o c k  diagram of t h i s  system is 

p r e s e n t e d  i n  F i g u r e  6-57; i t s  p h y s i c a l  c h a r a c t e r i s t i c s  a r e  p r e s e n t e d  i n  

Tab le  6-32. T h i s  concep t  was s e l e c t e d  because  i t  u s e s  f l i g h t - p r o v e n  hardware 

and e x i s t i n g  ground equipment.  It a l s o  o f f e r s  more t h a n  adequa te  r e l i a b i l i t y .  

The s e l e c t e d  r a d a r  i s  an  i n t e r f e r o m e t e r  such  a s  t h a t  which was used 

on Gemini. It w i l l  o p e r a t e  w i t h  a co-opera t ive  t a r g e t  ( t r ansponder )  t o  

i n c r e a s e  i t s  r ange  and accuracy .  T h i s  t e c h n i q u e  was s e l e c t e d  t o  minimize 

mechanical  i n s t a l l a t i o n  and environmental  problems and t o  e l i m i n a t e  r e a c t i o n  

t o r q u e  problems which a r e  i n h e r e n t  w i t h  a g imba l led  p a r a b o l i c  an tenna .  

The r e l i a b i l i t y  e s t i m a t e  f o r  t h e  b a s e l i n e  concept  i s  g i v e n  i n  

Tab le  6-33. 

6.6.3.3 A l t e r n a t i v e s  - A l t e r n a t e  te lecommunicat ion systems a r e  based 

upon t h o s e  concep t s  which were  mentioned i n  S e c t i o n  6.6.3.1. The a l t e r n a t e  

sys tems concep ts  a r e  t h e  " s e p a r a t e  systems, ' '  t h e  Uni f i ed  S-Band w i t h  i n t e g r a l  

rendezvous r a n g i n g ,  and t h e  advanced. Although t h e  i n t e g r a t e d  c i r c u i t  concep t  

can  b e  a p p l i e d  t o  a l l  t h r e e ,  i t  ~iill o n l y  be  a p p l i e d  t o  t h e  two U n i f i e d  S-Band 

s y s  tems. 

Tab le  6-34 summarizes t h e  f i v e  te lecommunicat ion systems which a r e  

p o s s i b l e  w i t h  t h e  c o n c e p t s  p r e s e n t e d .  Tab le  6-35 p r e s e n t s  t h e  g r o s s  p h y s i c a l  

c h a r a c t e r i s t i c s  of t h e s e  systems. The b a s e l i n e  sys tem (TC-2) i s  l a r g e r  t h a n  

t h e  " s e p a r a t e  systems" concept  (TC-1). T h i s  i s  t h e  r e s u l t  of comparing Apol lo  

equipment w i t h  Gemini equipment. The Apol lo  equipment i s  des igned  f o r  a h i g h e r  

o u t p u t  power and employs more i n t e r n a l  redundancy t h a n  Gemini equipment. 

Two o t h e r  v a r i a t i o n s  should be mentioned a l t h o u g h  t h e  d e s i g n  and c o s t  

v a r i a t i o n s  cannot  b e  e v a l u a t e d  now. One concept  concerns  t h e  t e l e m e t r y  

subsystem. A S tored  Program Data Processor  (SPDP) can b e  s u b s t i t u t e d  f o r  t h e  

PCM programmer and t h e  m u l t i p l e x e r s ,  The SPDP c o n s i s t s  of a D i g i t a l  C o n t r o l  

and Combiner Uni t  (DCCU), a F l e x i b l e  Format Genera to r  (FFG), and up t o  16 
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Figure 6-57 

BASELINE TELECOMMUNICATION SYSTEM BLOCK DIAGRAM 
(UNIFIED SBAND WITH SEPARATE RADAR) 

Recovery Telemetry, Tracking, Recovery Voice 
Beacon Command, Voice 

(S-Band) 

Recovery S-Band OMNl Earth H F  V H F  Descent 
Antenna Antennas Whip Antenna Antenna Radar Antennas 

To Guidance and 
Other Systems 

'arget 
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TABLE 6-32 

Physical Characteristics of the 

Baseline Telecommunications System 

. PCM Programmer 

Signal Conditioners (2) 

Data Storage Equipment 

Special Sensors and Conditioners 

Voice Equipment 

VHF/AM Transceivers (2) 

VHF Antenna System 

Audio Control Equipment 

Aft Voice Equipment 

Recovery Equipment 

VHF Recovery Beacon System 

HF Recovery System 

Rendezvous Radar 

Radar System 

Unified S-Band Equipment 

Power Amplifier 

Premodulation Processor 

S-Band Transponder 

S-Band Antenna System 

Digital Command System 

Command Decoder 
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TABLE 6-33 

Telecommunications Reliability Estimate 

Command Equipment 
Ground Tracking Equipment 
Unified S-Band Equipment 

TABLE 6-34 

Definition of Telecommunication Systems 

Unified S-Rand System with Integral 

Circuit Techniques 
Same as TC-3 but with the use of Advance 
Circuit Techniques 

Baseline Concept 
TABLE 6-35 

Comparison of All Telecommunication Systems 
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Remote Acquisition Units (RAU), It offers significant savings in weight and 

volume but its prime advantages are its versatility and expandability. Channel 

sample rates, number of channels sampled, and bit rates can be easily changed 

by either the crew or by ground command. The SPDP is also potentially capable 

of eliminating hundreds of pounds of wiring through its concept of remote 

multiplexing. 

Another alternate concept, which can be applied to future cost studies, 

pertains to vehicles with the modular upper stage. The launch vehicle also has 

a telecommunication system with many similar functions and characteristics of 

that of the spacecraft. It is feasible to integrate the two telecom systems 

with an appreciable savings in the net weight and cost. However, as with the 

launch vehicle guidance system, this alternative will not be evaluated in this 

study . 
6.6.4 On-board Checkout System - The primary purpose of the On-board 

Checkout System (OCS) will be to verify the adequacy of all spacecraft systems 

to work properly prior to separation from the space station. If a system mal- 

function occurs, the OCS should isolate the problem. It can also aid in pre- 

launch and post recovery tests. The size of the OCS will be largely determined 

by the level of fault isolation required from the system. Another factor in 

the system's size will be the degree of automation required. 

Figure 6-58 is a block diagram of an OCS; physical characteristics 

are presented in Table 6-36. This system can monitor approximately 500 test 

points and can generate approximately 100 commands. An OCS of this size 

should be able to automatically isolate malfunctions to the black box level, 

provided that the crew performs switching functions (selection of redundant 

units, actuation of attitude hand controller, etc). 

The selected size of the OCS (500 test points and 100 commands) has 

been influenced by the Gemini telemetry system and by prelaunch test facilities. 

Simply monitoring selected operating parameters (as is done with a data acqui- 

sition system) can provide a high level of system assurance and fault isolation. 

Therefore, the number of parameters to be monitored would be of the same order 

of magnitude as was monitored by the Gemini telemetry system which was about 

350. Allowing for growth, additional subsystem complexity, etc., it is 

estimated that 500 test points will be sufficient for the OCS. During Gemini 

187 
MCDOWINELL DOUGLAS ASTRONAUTICS COMPAWTV 

EASTERN DIVISION 



VOLUME I1 
BOOK 1 

OPTIMIZED COST/PERFORMANCE 

DESIGN METHODOLOGY 
R E P O R T  NO. G975 

15 APRIL 1969 

188 
MCePeNAlELL DOtUGkAS ASTRONAUTICS COMPANY 

EASTERN DIVISION 



VOLUME I1 
BOOK 1 

Computer P 

OPTIMIZED COST/PERFORMANCE 

DESIGN METHODOLOGY 

OCS BLOCK DIAGRAM 

R E P O R T  NO. G975 
15 A P R I L  1969 

Figure 6-58 

To S/C 
Subsystem 

From SIC 
Subsystems 

From S/C 
Subsystems 

pre launch  o p e r a t i o n s ,  t h e  ground complex had a c c e s s  t o  approximately  1500 

Gemini t e s t  p o i n t s ,  20 p e r c e n t  of which were f o r  s i g n a l s  and commands from t h e  

ground t o  t h e  s p a c e c r a f t .  The e s t i m a t e  of 100 commands i s  determined by 

assuming t h a t  t h e  r a t i o  of commands t o  measurements w i l l  b e  t h e  same f o r  t h e  

OCS a s  f o r  t h e  p re launch  o p e r a t i o n .  

No a l t e r n a t i v e  concep t s  o r  sys tems have been cons idered .  S i n c e  t h e  

concept  i s  r e l a t i v e l y  new t o  s p a c e c r a f t  a p p l i c a t i o n s ,  no meaningful  t r a d e - o f f s  

can b e  made. The system would a l s o  b e  u n a f f e c t e d  by v e h i c l e  c o n f i g u r a t i o n .  

6.6.5 Avionics  S i z i n g  Model - I n  g e n e r a l ,  t h e  s i z e  and weight  of t h e  

a v i o n i c s  f o r  a  l o g i s t i c s  m i s s i o n  depend upon t h e  concep t s  of s p a c e c r a f t  r e u s e  

and subsystem d e s i g n .  They a r e  n o t  i n f l u e n c e d  by such  v a r i a b l e s  a s  crew s i z e ,  

ca rgo  c a p a c i t y ,  m i s s i o n  d u r a t i o n ,  and o r b i t  pa ramete rs .  Thus, t h e  s i z i n g  model 

does  n o t  e s t i m a t e  a v i o n i c s  sys tems weigh t s .  These we igh t s  a r e  e s t i m a t e d  e x t e r -  

n a l  t o  t h e  program and a r e  used as i n p u t s .  Based on subsys tem.weigh t ,  t h e  

model t h e n  e s t i m a t e s  t h e  w e i g h t s  of t h e  mounting s t r u c t u r e  and t h e  i n t e r c o n -  

n e c t i n g  c a b l i n g  u s i n g  e m p i r i c a l  e q u a t i o n s .  The a v i o n i c s  subsystem can b e  d i s -  

t r i b u t e d  a s  d e s i r e d  between a n  e n t r y  v e h i c l e  and a  m i s s i o n  module. 
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6.7 Power - E l e c t r i c a l  and h y d r a u l i c  power requ i rements ,  v a r i o u s  c o n c e p t s ,  

and r e l i a b i l i t y  a r e  d i s c u s s e d  b e  t h i s  s e c t i o n .  

6 .7 .1  Requirements - The power supp ly  requ i rements  c o n s i s t  of e l e c t r i c a l  

l o a d s  f o r  t h e  b a l l i s t i c  l o g i s t i c s  v e h i c l e s ,  and of b o t h  e l e c t r i c a l  and 

h y d r a u l i c  l o a d s  f o r  t h e  l i f t i n g  body l o g i s t i c s  v e h i c l e s ,  The h y d r a u l i c  l o a d s  

a r e  o n l y  p r e s e n t  d u r i n g  t h e  l a n d i n g  phase  of t h e  l i f t i n g  body m i s s i o n ;  however, 

e l e c t r i c a l  l o a d s  a r e  p r e s e n t  d u r i n g  a l l  phases  of b o t h  b a l l i s t i c  and l i f t i n g  

body m i s s i o n s .  

E l e c t r i c a l  - The e l e c t r i c a l  power s u p p l i e s  must p r o v i d e  energy t o  l o a d  

equipment connected t o  two t y p e s  of d i s t r i b u t i o n  buses :  main buses  and 

p y r o t e c h n i c  buses .  The p y r o t e c h n i c  b u s e s  a r e  redundant  and i s o l a t e d  from t h e  

main buses .  P y r o t e c h n i c  bus l o a d s  i n c l u d e  t u b i n g  c u t t e r s ,  s t r u c t u r e  

s e p a r a t i o n  shaped c h a r g e s ,  and w i r e  bundle  g u i l l o t i n e s .  The buses  w i l l  b e  

powered from s e p a r a t e  b a t t e r i e s .  The main bus  l o a d s  i n c l u d e  a l l  o t h e r  sub- 

sys tems which r e q u i r e  e l e c t r i c a l  power, i n c l u d i n g  environmental  c o n t r o l ,  

gu idance  and n a v i g a t i o n ,  s t a b i l i z a t i o n  and c o n t r o l ,  and te lecommunicat ions .  

The power t o  b e  provided f o r  a l l  l o a d s  i s  nominal ly  28 VDC. Equipment 

o r  subsystems r e q u i r i n g  a c  power o r  d c  power of a  d i f f e r e n t  v o l t a g e  l e v e l  a r e  

provided such through t h e  u s e  of s e l f - c o n t a i n e d  power c o n v e r t e r s .  The l e v e l  

of power r e q u i r e d  f o r  t h e  fami ly  of l o g i s t i c s  v e h i c l e s  i s  based on rev iew of 

p r e v i o u s  s t u d i e s ,  s e e  References  4-1 and 4 - 2 , . a s  w e l l  a s  t h e  Mercury, Gemini, 

and Apol lo  s p a c e c r a f t .  

Average power requ i rements  f o r  each m i s s i o n  phase and r e u s e  c a t e g o r y  a r e  

shown i n  Tab le  6-37. F i g u r e  6-59 shows t h e  range  of average  e l e c t r i c a l  power 

f o r  t h e  l o g i s t i c  v e h i c l e  c o n f i g u r a t i o n s .  The v a r i a t i o n  i n  load  r e s u l t s  from 

crew s i z e  v a r i a t i o n  from two t o  twelve,  t h e  a d d i t i o n a l  guidance and n a v i g a t i o n  

equipment f o r  r e c o v e r a b l e  v e h i c l e s ,  and t h e  c o n t r o l  r equ i rements  f o r  t h e  

s a i l w i n g  recovery  sys tem i n  c o n f i g u r a t i o n s  IA(1and l a n d i n g )  and I B .  

Hydrau l ic  - Hydrau l ic  power i s  provided t o  move t h e  aerodynamic c o n t r o l  

s u r f a c e s  on t h e  l i f t i n g  body s p a c e c r a f t  d u r i n g  r e - e n t r y  and dur ing  l a n d i n g  

f l i g h t  th rough  t h e  e a r t h ' s  atmosphere,  Tab le  6-37 shows t h e  peak and s teady-  

s t a t e  h y d r a u l i c  h o r s e  power requ i rements ,  based on h i n g e  moment d e r i v e d  i n  t h e  

s t u d y  r e p o r t e d  i n  Reference 6-8. 
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TABLE 6-37 

POWER SUBSYSTEM PERFORMANCE REQUIREMENTS 

2.0 K w  Pulses 

Avg 1.25 K w  Plus 
85  W Man 11420 to 

Provide Powcr to 
Move Aerodynamic 
Control Surfaces 

I IE  & I IF  Peak - 290 to 

Steady Stote - 32 to 200 
H P 
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6.7 .2  Concepts - The t y p e s  of e l e c t r i c a l  power s o u r c e s  a p p l i c a b l e  t o  E a r t h  

o r b i t a l  l o g i s t i c  m i s s i o n s  have been e x t e n s i v e l y  s t u d i e d  i n  p a s t  programs, 

i n c l u d i n g  Refe rences  4-1, 4-2, and 6-9. Both s o l a r  and n u c l e a r  power s o u r c e s  

were n o t  cons idered  f o r  t h e  l o g i s t i c s  m i s s i o n s ,  p r i m a r i l y  due t o  t h e  s h o r t  

o p e r a t i n g  p e r i o d s ,  and t o  deployment and s h i e l d i n g  problems. The advan tages  

and d i s a d v a n t a g e s  of t h e  chemical  power s o u r c e s  cons idered  f o r  t h e  e l e c t r i c a l  

l o a d  r e q u i r e m e n t s  a r e  shown i n  Tab le  6-38.  The b a t t e r y  d a t a  used h a s  been de- 

r i v e d  from i n f o r m a t i o n  o b t a i n e d  p r e v i o u s l y ,  Cur ren t  performance and c o s t  d a t a  

have been o b t a i n e d  from s e l e c t e d  f u e l  c e l l  and chemical  dynamic power s o u r c e  

s u p p l i e r s ,  and combined w i t h  i n f o r m a t i o n  on-hand f o r  upda t ing .  The chemical  

dynamic power s o u r c e  p r o p e l l a n t  consumption r a t e s  v e r i f i e d  p r e v i o u s  d e c i s i o n s  

n o t  t o  c o n s i d e r  such equipment f o r  o n l y  e l e c t r i c a l  r equ i rements .  S i l v e r - z i n c  

b a t t e r i e s  and f u e l  c e l l s  can r e a d i l y  supply t h e  e l e c t r i c a l  power requ i rements  

shown i n  S e c t i o n  6.7.  The t rade-of f  i s  between t h e  h i g h  r e l i a b i l i t y ,  low volume, 

and low c o s t  f e a t u r e s  of b a t t e r i e s ,  and t h e  low weight ,  r e u s a b l e  f e a t u r e s  

of f u e l  c e l l s .  

Power sys tems f o r  aerodynamic c o n t r o l  s u r f a c e  a c t u a t i o n ,  r e q u i r e d  f o r  

l i f t i n g  body l o g i s t i c s  v e h i c l e s ,  have been s t u d i e d  i n  Refe rence  4-2, 6-9, and 

6-11). Again, s o l a r  and n u c l e a r  power s o u r c e s  were n o t  c o n s i d e r e d .  Higher power 

requ i rements  of a e r o - c o n t r o l  s u r f a c e  a c t u a t i o n ,  and s h o r t  o p e r a t i n g  p e r i o d s  

w i t h i n  t h e  E a r t h ' s  atmosphere,  e l i m i n a t e d  f u e l  c e l l s  from t h e  chemical  power 

s o u r c e s .  Cur ren t  performance and \ c o s t  d a t a  have been o b t a i n e d  t o  up-date 

chemical  dynamic power s o u r c e  c h a r a c t e r i s t i c s .  Battery-motor-pump u n i t s  and 

s t o r a b l e  p r o p e l l a n t  t u r b i n e  and pump u n i t s  were s e l e c t e d  as c a n d i d a t e s .  

B a t t e r i e s  were a t t r a c t i v e  f o r  low c o s t  and s i m p l i c i t y  b u t  r e s u l t e d  i n  an  e x c e s s i v e  

weight  p e n a l t y  a s  v e h i c l e  s i z e s  i n c r e a s e d .  

Tab le  6-39 summarizes t h e  concep t s  f o r  t h e  power subsystem and i n d i c a t e s  t h e  

v e h i c l e  a p p l i c a t i o n s .  

6.7 .3  B a s e l i n e  Subsystem D e s c r i p t i o n  - The power subsystem p r o v i d e s  prime 

power. Two prime s o u r c e s  supp ly  a l l  t h e  s p a c e c r a f t  power requ i rements .  An 

e l e c t r i c a l  power s o u r c e ,  e i t h e r  b a t t e r i e s  o r  f u e l  c e l l s ,  s u p p l i e s  t h e  e l e c t r i c a l  

r e q u i r e m e n t s  i n  b o t h  t h e  b a l l i s t i c  and l i f t i n g  body s p a c e c r a f t .  A h y d r a u l i c  

s o u r c e  p r o v i d e s  power f o r  t h e  aerodynamic c o n t r o l  s u r f a c e  a c t u a t i o n .  
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Table 6-38 

Electrical Power Source Comparison 

Advantages Disadvantages 

0 Low Cost 
o Low Development Risk 
o Extensive Flight 

Fuel Cells o Low Weight 
o Reusable, Potentially o Large Volume 
o Low Development Cost o Complex System 

on Existing Systems o Auxiliary Reactant 
o Proven Concept Feasiblity Controls and Monitors 

Through Apollo and 
Gemini Flight Experience 

o Low reactant consumption 

o Good Growth Potential 
o Start-S top Capability 

Allows Dormant Orbital 

Generator 
o Reusable Consumption Rate 
o Operates on Propellant which o Extensive Development 

is storable 
o Auxiliary Controls 

and Monitors Required 
o Possible Flight Path 

Perturbations From 
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Table  6-39 
Power Subsystem Concept Summary 

Concept 
No. 

EP-1'k 

EP-2,k 

EP-39~ 

EP-4 

Ascent and Phasing 

B a t t e r i e s  i n  MM 

F u e l  C e l l s  and B a t t e r i e s  
i n  EV, Reac tan t  Supply 
i n  MM 

Fue l  Cells, B a t t e r i e s  
and Reac tan t  Supply 
i n  EV 

B a t t e r i e s  i n  EV 

F u e l  C e l l s  and Reac tan t  
i n  MM 

Re-entry A p p l i c a t i o n  

B a t t e r i e s  i n  EV 

B a t t e r i e s  i n  EV 

B a t t e r i e s  i n  EV 

B a t t e r i e s  i n  EV 

B a t t e r i e s  i n  EV 

I B ,  I I B  

I C  t h r u  I F  
I I C  t h r u  I I F  

I A  (Land Landing o n l y )  
I B  t h r u  I F  
I I A  t h r u  I I F  

I A ,  I B  
I I A ,  I I B  

B a t t e r i e s  I I A ,  I I B  

Turb ine  I I A  t h r u  I I F  

* B a s e l i n e  Concept 
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6.7.3.1 E l e c t r i c a l  Power - There  a r e  b a s i c a l l y  two b a s e l i n e  e l e c t r i c a l  

power subsystem c o n f i g u r a t i o n s ,  one f o r  t h e  expendable  e n t r y  v e h i c l e s  and one 

f o r  t h e  r e u s a b l e  e n t r y  v e h i c l e s .  An expendable sys tem i s  shopm i n  F i g u r e  6-60. 

Th is  concept  i s  a n  a l l - b a t t e r y  concept  u s i n g  manually a c t i v a t e d  s i l v e r - z i n c  

b a t t e r i e s .  Most of t h e  b a t t e r i e s ,  t h o s e  used f o r  main bus  l o a d s  d u r i n g  a s c e n t  

and r e t u r n  phas ing ,  a r e  l o c a t e d  i n  t h e  miss ion  module. The s q u i b  b a t t e r i e s  

and t h o s e  used f o r  main bus  l o a d s  d u r i n g  r e - e n t r y  and p o s t  l a n d i n g  a r e  l o c a t e d  

i n  t h e  e n t r y  v e h i c l e .  Two b a t t e r i e s  p rov ide  i s o l a t e d  power s o u r c e s  f o r  each 

redundant  squ ib  bus  which power t h e  p y r o t e c h n i c  d e v i s e s .  The main bus  l o a d  

requ i rements  a r e  s u p p l i e d  by m u l t i p l e  b a t t e r i e s .  For t h i s  s t u d y ,  t h e  energy 

r e q u i r e d  from t h e  s q u i b  b a t t e r i e s  i s  assumed t o  be a  c o n s t a n t  400 w a t t  hours .  

A l l  of t h e  b a t t e r i e s  a r e  mounted on c o l d p l a t e s  through which s p a c e c r a f t  c o o l a n t  i s  

c i r c u l a t e d .  

The r e u s a b l e  e l e c t r i c a l  power subsystem i s  shown i n  F i g u r e  6-61. I n  t h i s  

concep t ,  f u e l  c e l l s  a r e  used t o  supply average  main bus  power w i t h  b a t t e r i e s  

supp ly ing  peak power l o a d s  and main bus power d u r i n g  r e - e n t r y  and l a n d i n g .  

The b a t t e r i e s  a r e  t h e  same t y p e s  a s  t h o s e  used i n  t h e  expendable  sytem, A l l  are 

i n s t a l l e d  i n  t h e  e n t r y  v e h i c l e .  Th i s  concept  a p p l i e s  t o  b o t h  t h e  b a l l i s t i c  and 

t o  t h e  l i f t i n g  body s p a c e c r a f t .  The two f u e l  c e l l  modules a r e  i n s t a l l e d  i n  t h e  

r e - e n t r y  module. Each module c o n t a i n s  30 c e l l s  i n  s e r i e s ,  r e s u l t i n g  i n  a 

nominal o u t p u t  v o l t a g e  of 28 VDC. Each module can p rov ide  t h e  l o g i s t i c s  

v e h i c l e  average  power requ i rements ,  t h e r e b y  p r o v i d i n g  100 p e r c e n t  redundancy 

through t h e  use  of two modules. Both f u e l  c e l l  modules a r e  opera ted  i n  p a r a l l e l  

d u r i n g  a c t i v e  m i s s i o n  phases  up t o  r e - e n t r y ,  a t  which t ime b o t h  a r e  shutdown. 

Temperature i s  c o n t r o l l e d  through t h e  u s e  of s p a c e c r a f t  c i r c u l a t i n g  c o o l a n t .  

The p o t a b l e  p roduc t  w a t e r ,  genera ted  d u r i n g  f u e l  c e l l  o p e r a t i o n ,  can be 

e i t h e r  c o l l e c t e d  o r  v e n t e d .  Overboard v e n t i n g  r e d u c e s  t h e  f u e l  c e l l  .lest l o a d  

by 30 p e r c e n t .  The hydrogen and oxygen r e a c t a n t s  a r e  s t o r e d  c r y o g e n i c a l l y  from 

t a n k s  i n s t a l l e d  i n  e i t h e r  t h e  m i s s i o n  module o r  i n  t h e  e n t r y  v e h i c l e .  

The f u e l  c e l l  modules can  be  shut-down and r e - s t a r t e d  by o n l y  u s i n g  a  s m a l l  

amount of power t o  open v a l v e s  and t o  o p e r a t e  power r e l a y s  d u r i n g  s t a r t - u p .  The 

f u e l  c e l l  modules can  p r o v i d e  r a t e d  power o u t p u t  f o r  more t h a n  2500 h o u r s ,  

wi thou t  major overhau l .  
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Figure 6-60 
ELECTRICAL POWEB' SYSTEM 

(VEI-IICLE I A) 

Mission Module 

Entry Vehicle 

General Electro- Electro- 

Distribution Explosive Explosive 
Devices Devices 
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Figure 6-61 

ELECTRICAL POWER SYSTEM 
(VEHICLES I B  THRU I F, 1 1  8 THRU II F) 

Mission Module - Concept B 
- - - - - - - - - - - - - - - - :  

Orbit Storage General Electro- Electro- 
Requirements Distribution Explosive Explosive 

Devices Devices 
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For t h e  l o g i s t i c s  v e h i c l e s  o p e r a t i o n  p e r i o d s ,  t h e  c a p a b i l i t y  of nomina l ly  

5 0  m i s s i o n s  i s  i n d i c a t e d .  The b a t t e r y  s e l e c t e d ,  f o r  extended a c t i v a t e d  l i f e ,  

g i v e s  t h e  i n h e r e n t  c a p a b i l i t y  t o  p r o v i d e  many d i scharge-charge  c y c l e s .  

However, b a t t e r y  rep lacement  b e f o r e  each f l i g h t  h a s  been s e l e c t e d  because  of 

t h e  r e l a t i v e l y  low c o s t  f a c t o r  and t h e  e l i m i n a t i o n  of r e fu rb i shment  and 

checkout  o p e r a t i o n  which r e s u l t .  Calendar  t i m e  p e r i o d s  must b e  c o n s i d e r e d ,  

w i t h  r e g a r d s  t o  O-ring rep lacement ,  exposure  t o  ground t e s t i n g ,  e t c . ,  i n  

e v a l u a t i n g  any r e f u r b i s h m e n t  and r e u s e  f a c t o r s .  

6 .7 .3 .2  H y d r a u l i c  Power - Hydrau l i c  power i s  used t o  o p e r a t e  t h e  aerodynamic 

c o n t r o l  s u r f a c e s  of t h e  l i f t i n g  body s p a c e c r a f t  f o r  maneuvering i n  a tmospher ic  

f l i g h t .  The two independent  h y d r a u l i c  sys tems ,  e x c e p t  f o r  a c t u a t o r s ,  a r e  

powered by independen t  a u x i l i a r y  power s u p p l i e s .  Each system can p r o v i d e  

a l l  t h e  a e r o  c o n t r o l  power requ i rements .  

Each a u x i l i a r y  power supp ly  c o n s i s t s  of a  tu rb ine -gear  box u n i t ,  p r o p e l l a n t  

t a n k s ,  p r e s s u r i z a t i o n  sys tem,  and t h e  v a l v e s  and plumbing f o r  system s e r v i c i n g  

and o p e r a t i o n .  A schemat ic  i s  shown i n  F i g u r e  6-62 .  The a x i a l  f low t u r b i n e  

i s  d r i v e n  by t h e  h o t  g a s e s  g e n e r a t e d  by t h e  decomposi t ion of  monopropel lant  

hydraz ine .  Helium is  used a s  t h e  p r o p e l l a n t  t a n k  p r e s s u r a n t  gas .  THe':turbine- 

g e a r  box u n i t  i s  c a p a b l e  of 5 0  h o t  o p e r a t i o n s  of 1 8  minu tes  b e f o r e  overhau l .  

Each h y d r a u l i c  sys tem i s  c o n v e n t i o n a l  and c o n s i s t s  of a  p o s i t i v e  

d i s p l a c e m e n t ,  v a r i a b l e  d e l i v e r y  pump and accumula to r ,  a  b o o t - s t r a p  r e s e r v o i r ,  

s e r v o  a c t u a t o r s ,  and v a l v e s  and plumbing. The s e r v o  a c t u a t o r s  a r e  

c o n v e n t i o n a l  d u a l  l i n e a r  t y p e s  c o n t r o l l e d  by quadrup le  redundant  s e r v o  v a l v e s .  

Nominal sys tem o p e r a t i n g  p r e s s u r e  is  3 0 0 0  p s i g .  F i g u r e  6-63 shows t h e  

schemat ic  of t h e  h y d r a u l i c  system. 

6.7.3.3 R e l i a b i l i t y  - The r e l i a b i l i t y  of t h e  prime power s u p p l i e s  w a s  

e s t i m a t e d  and i s  shown i n  Tab le  6 - 4 0 ,  These e s t i m a t e s  a r e  f o r  bus  power o n l y  

and do n o t  r e f l e c t  t h e  r e l i a b i l i t y  g a i n s  t h a t  a r e  i n h e r e n t  when swi tchover  

between b u s e s  i s  p r o v i d e d ,  
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6.7.4 Power System S i z i n g  Model - The power sys tem s i z i n g  model s i z e s  

f u e l  c e l l  sys tems o r  b a t t e r i e s  accord ing  t o  requ i rements .  These requ i rements  

v a r y  w i t h  t h e  crew s i z e  and t h e  subsystem power. I n  t h e  modular v e h i c l e s ,  

t h e  b a t t e r i e s  and t h e  f u e l  c e l l  system can b e  l o c a t e d  i n  e i t h e r  t h e  m i s s i o n  

module o r  e n t r y  v e h i c l e  o r  s p l i t  between them. For t h e  l i f t i n g  body v e h i c l e s ,  

t h e  model s i z e s  a  h y d r a u l i c  sys tem f o r  c o n t r o l  s u r f a c e  a c t u a t i o n  and e i t h e r  a  

monopropel lant  turbine-pump o r  a  battery-motor-pump f o r  power. The s i z i n g  of 

t h i s  a e r o  c o n t r o l  power system i s  based on v e h i c l e  s i z e .  

Tab le  6-40 

R e l i a b i l i t y  of Prime Power S u p p l i e s  

Prime Power Supply R e l i a b i l i t y  

Main B a t t e r i e s  3 of 4  r e q u i r e d  

Squib B a t t e r i e s  1 of 2 r e q u i r e d  

Fue l  C e l l s  1 of 2 r e q u i r e d  

1 of 2 r e q u i r e d  

6 . 8  - The subsystems concep ts  d e f i n e d  i n  t h i s  

s e c t i o n  a r e  t h e  docking system, t h e  recovery  system, and aerodynamic c o n t r o l  

s u r f a c e s .  

6 . 8 . 1  - Two docking modes a r e  assumed: a f t  docking f o r  

c o n f i g u r a t i o n s  w i t h  a  s e p a r a t e  ca rgo  module and s i d e  docking f o r  t h o s e  con- 

f i g u r a t i o n s  having t h e  ca rgo  i n t e g r a l  w i t h  t h e  e n t r y  v e h i c l e .  The a f t  docking 

mode u s e s  t h e  u n i v e r s a l  r i n g  segment f o r k  docking mechanism shown i n  F i g u r e  

6-64. T h i s  mechanism c o n s i s t s  of two r i n g  segments and two v-shaped f o r k s  

w i t h  l a t c h i n g  mechanisms. The r i n g  segments and f o r k s  a r e  mounted on t h e  space- 

c r a f t  90 deg a p a r t ,  a l t e r n a t i n g  r i n g  segment and f o r k .  An i d e n t i c a l  system i s  

mounted on t h e  space  s t a t i o n .  Docking s t a r t s  w i t h  t h e  maneuvering of one r i n g  

segment i n t o  a  f o r k .  A smal l  c a b l e  t r i g g e r s  t h e  l a t c h  on t h e  f o r k ,  c a p t i v a t i n g  
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t h e  r i n g  segment. The s p a c e c r a f t  t h e n  r o t a t e s  t h e  o t h e r  r i n g  segments i n t o  

c a p t i v e  p o s i t i o n s  and t h e  hooks l o c k  on ,  r i g i d l y  c e n t e r i n g  t h e  s p a c e c r a f t  w i t h  

t h e  docking p o r t  on t h e  space  s t a t i o n s .  

For t h e  l a r g e  b a l l i s t i c  v e h i c l e s  where ca rgo  t r a n s f e r  through a f t  end i s  

u n a t t r a c t i v e  because  of t h e  l o c a t i o n  of t h e  p r o p u l s i o n  system and f o r  t h e  l i f t i n g  

v e h i c l e s  which a r e  n o t  r e a d i l y  a d a p t a b l e  t o  a f t  docking,  t h e  s i d e  docking mode 

i s  used.  I n  t h i s  mode, r e t r a c t a b l e  p robes  a d j a c e n t  t o  t h e  p i l o t ' s  window a r e  

used.  The p robes  a r e  maneuvered i n t o  t h e  space  s t a t i o n  r e c e p t a c l e s  and form 

a  h i n g e  l i n e  f o r  p i v o t i n g .  Vehic le  a t t i t u d e  c o n t r o l  t h r u s t e r s  a r e  used t o  

p i v o t  t h e  v e h i c l e  t o  a  s i d e  moored p o s i t i o n  t o  conncect t h e  t r a n s f e r  t u n n e l .  

T h i s  concept  i s  shown i n  F i g u r e  6-65. 

For t h e  a f t  docking mode, a  crew s t a t i o n  must be provided i n  t h e  m i s s i o n  

module. T h i s  crew s t a t i o n  c o n t a i n s  pe rsonne l  r e s t r a i n t s ,  maneuvering and 

a t t i t u d e  hand c o n t r o l l e r s ,  a t t i t u d e  d i s p l a y  group,  environmental  c o n t r o l s  and 

in te rcom o u t l e t s  and c o n t r o l s .  

6 .8 .2  - The d i f f e r e n t  r e u s e  c a t e g o r i e s ,  aerodynamic c o n f i g u r a t i o n s ,  

and t h e  range of v e h i c l e  s i z e s  a l l  i n f l u e n c e  t h e  recovery  subsystem c o n f i g u r a t i o n .  

A s  a  r e s u l t ,  t h e r e  a r e  s e v e r a l  r ecovery  subsystem c o n f i g u r a t i o n s  a s  shown i n  

Tab le  6-41. The r e c o v e r y  system i n c l u d e s :  ( a )  t h e  p a r a c h u t e  sys tem t o  r e c o v e r  

t h e  b a l l i s t i c  v e h i c l e s  and t h e  a b o r t  e scape  c a p s u l e  i n  b o t h  t h e  b a l l i s t i c  and 

l i f t i n g  v e h i c l e ,  (b)  t h e  impact a t t e n u a t i o n  system,  and (c )  t h e  l a n d i n g  a s s i s t  

r o c k e t s .  The f i r s t  two are d i s c u s s e d  below. The l a n d i n g  a s s i s t  r o c k e t s  a r e  

d i s c u s s e d  i n  S e c t i o n  6 .4 ,5 .  

6 . 8 . 2 . 1  - For t h e  b a l l i s t i c  s p a c e c r a f t ,  t h e  

recovery  system u s e s  r i n g s a i l  c h u t e s  f o r  t h e  wa te r  l a n d i n g  expendable space-  

c r a f t  and ,  a l s o ,  because  of t h e i r  s i z e ,  f o r  t h e  l a r g e  i n t e g r a l  s p a c e c r a f t .  

L i f t i n g  canopies  a r e  used f o r  t h e  modular s p a c e c r a f t .  A l l  of t h e  l a n d  l a n d i n g  

s p a c e c r a f t  touch down w i t h  t h e  h e a t  s h i e l d  down on a  s k i d  g e a r  t h a t  e x t e n d s  

through t h e  h e a t  s h i e l d .  Landing a s s i s t  r o c k e t s  a r e  used t o  reduce t h e  touch- 

down v e l o c i t y  t o  20 f t / s e c  from t h e  d e s c e n t  v e l o c i t y  when u s i n g  a  c l u s t e r  of 

t h r e e  100- f t  d i z m e t e r  r i n g s a i l  p a r a c h u t e s .  I n  a l l  t h e  b a l l i s t i c  v e h i c l e s ,  t h e  

crew s e c t i o n  i s  s e p a r a t e d  from t h e  remainder of t h e  s p a c e c r a f t  f o r  a b o r t .  

S i n c e  t h e  p a r a c h u t e  system i s  l o c a t e d  i n  t h i s  p o r t i o n  of t h e  s p a c e c r a f t ,  a  
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s e p a r a t e  a b o r t  p a r a c h u t e  system i s  n o t  r e q u i r e d .  

The p a r a c h u t e  sys tem c o n s i s t s  o f :  ( a )  a  drogue p a r a c h u t e  f o r  i n i t i a l  

d e c e l e r a t i o n  t o  reduce  t h e  dynamic p r e s s u r e  t o  a  s a f e  l e v e l  f o r  deployment o f  

t h e  main canopy and f o r  s p a c e c r a f t  s t a b i l i z a t i o n  and o r i e n t a t i o n  p r i o r  t o  main 

canopy deployment,  (b)  a  main canopy, e i t h e r  b a l l i s t i c  o r  l i f t i n g ,  f o r  f u r t h e r  

d e c e l e r a t i o n ,  ( c )  a  drogue mor ta r  f o r  t h e  i n i t i a l  deployment of t h e  drogue 

c h u t e ;  and (d) t h e  r i s e r s ,  l i n e s ,  and r e l e a s e s .  The drogue i s  used a s  t h e  

e x t r a c t i o n  c h u t e  f o r  t h e  main canopy. 

For t h e  v e h i c l e s  u s i n g  t h e  l i f t i n g  canopy (IA-land l a n d i n g  and IB) t h e  

B a r i s h  s a i l w i n g  which h a s  a n  L / D  of about 2 .3  was s e l e c t e d .  I n  t h e s e  v e h i c l e s ,  

t h e  pr imary system c o n s i s t s  of two drogues  and m o r t a r s ,  e i t h e r  o f  which can 

d e c e l e r a t e  t h e  s p a c e c r a f t  and e x t r a c t  t h e  main canopy; a  main canopy; and a  

s a i l w i n g  c o n t r o l  u n i t .  A back-up system, c o n s i s t i n g  of a  d u p l i c a t e  s a i l w i n g ,  

c o n t r o l  u n i t ,  and drogue i s  provided.  A t y p i c a l  i n s t a l l a t i o n  i s  shown i n  

F i g u r e  6-66. 

For v e h i c l e s  u s i n g  b a l l i s t i c  p a r a c h u t e s  (IA-water l a n d i n g ,  L C ,  I D ,  I E ,  I F ) ,  

t h e  main canopy i s  t h e  r i n g s a i l  such as used on Gemini and Apol lo .  I n  t h e s e ,  

t h e  p a r a c h u t e  sys tem c o n s i s t s  of two drogues ,  each w i t h  a  s e p a r a t e  mor ta r  and 

each c a p a b l e  of d e c e l e r a t i n g  t h e  s p a c e c r a f t  t o  t h e  d e s i r e d  dynamic p r e s s u r e ,  

and t h r e e  main c h u t e s ,  each  w i t h  i t s  p i l o t  c h u t e  and p i l o t  c h u t e  mor ta r .  NO 

s e p a r a t e  back-up system i s  r e q u i r e d  s i n c e  o n l y  two of t h e  main c h u t e s  need t o  

f u n c t i o n  f o r  a  s a f e  recovery .  

The impact a t t e n u a t i o n  system f o r  t h e  l a n d  l a n d i n g  s p a c e c r a f t  c o n s i s t s  of 

t h r e e  s k i d s  which ex tend  through t h e  h e a t s h i e l d  s i m i l a r  t o  t h a t  shown f o r  

Vehic le  I B  i n  F i g u r e  6-67. To permi t  e x t e n s i o n  of t h e  g e a r ,  t h e  h e a t  s h i e l d  

c o n t a i n s  t h r e e  p l u g s  which a r e  pushed o u t  by t h e  s k i d s  a s  t h e  g e a r  ex tends .  

Each o f  t h e  t h r e e  g e a r s  i s  a  f i x e d  a i r - o i l  o l e o  shock s t r u t  t h a t  i s  f u l l y  com- 

p r e s s e d  and u n p r e s s u r i z e d  when r e t r a c t e d .  It i s  he ld  by a  t e n s i o n  s t r a p  which.. 

i s  broken when t h e  s t r u t  i s  p r e s s u r i z e d .  A c i r c u l a r  s k i d  i s  gimbal mounted t o  

t h e  lower end of each  shock s t r u t  p i s t o n .  

For t h e  wa te r  l a n d i n g  v e r s i o n  of Concept I A ,  no impact a t t e n u a t i o n  system i s  

r e q u i r e d .  T h i s  s p a c e c r a f t  w i l l  l and  on one c o r n e r  of t h e  h e a t s h i e l d  i n  t h e  

manner of Gemini. 
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Figure 6-67 
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6 .8 .2 .2  - S i n c e  t h e  l i f t i n g  s p a c e c r a f t  con- 

f i g u r a t i o n  normal r e c o v e r y  mode i s  a  h o r i z o n t a l  l a n d i n g ,  t h e  o n l y  requ i rement  

f o r  p a r a c h u t e  sys tems i s  t o  recover  t h e  a b o r t  e scape  c a p s u l e .  For a b o r t  e scape  

i n  Vehic les  I I A  and I I B ,  t h e  e n t i r e  e n t r y  v e h i c l e  s e r v e s  a s  t h e  escape  c a p s u l e .  

For t h e  o t h e r  v e h i c l e s ,  t h e  p o r t i o n  ahead of t h e  c a r g o  s e c t i o n  i s  s e p a r a t e d .  For 

a l l  v e h i c l e s ,  t h e  e s c a p e  c a p s u l e  c o n t a i n s  a  r i n g s a i l  c h u t e  system such as 

d e s c r i b e d  p r e v i o u s l y  f o r  b a l l i s t i c  s p a c e c r a f t .  

The impact a t t e n u a t i o n  system i s  a  t y p i c a l  t r i c y c l e  l a n d i n g  g e a r  w i t h  s k i d s  

on t h e  main g e a r ,  which i s  l o c a t e d  a f t ,  and a  c a s t e r i n g  nose  wheel i n  t h e  f r o n t .  

T h i s  g e a r  i s  stowed w i t h i n  t h e  e n t r y  v e h i c l e  and e x t e n d s  through d o o r s  i n  t h e  

thermal  p r o t e c t i o n  system. 

6 .8 .3  Aerodynamic C o n t r o l  S u r f a c e s  - Cont ro l  of t h e  b a l l i s t i c  v e h i c l e  

r e q u i r e s  no e x t e r n a l  c o n t r o l  s u r f a c e s .  The M2/F2 v e h i c l e ,  however, r e q u i r e s  

aerodynamic s u r f a c e s  f o r  c o n t r o l .  Typ ica l  s t r u c t u r a l  concep t s  and m a t e r i a l s  

employed f o r  t h e  M 2 / ~ 2  c o n t r o l  s u r f a c e  a r e  d i s c u s s e d  h e r e .  M a t e r i a l  s e l e c t i o n  

f o r  t h e  s u r f a c e s  i s  d i c t a t e d  by t h e  most s e v e r e  h e a t i n g  and load ing  c o n d i t i o n s  

exper ienced by any s u r f a c e  d u r i n g  e n t r y  o r  t h e  h i g h  dynamic p r e s s u r e  a b o r t  

s i t u a t i o n .  

F i g u r e  6-68 i l l u s t r a t e s  t h e  lower f l a p  s t r u c t u r a l  d e s i g n .  A b l a t i v e  o r  

r a d i a t i v e  h e a t  p r o t e c t i o n  p a n e l s  a r e  mounted on t h e  e x t e r n a l  s i d e  of a  s u p e r  a l l o y  

s u b s t r u c t u r e .  The f i g u r e  shows a n  a b l a t i v e  h e a t  p r o t e c t i o n  pane l .  The i n t e r n a l  

s h e e t  c l o s u r e  p a n e l  i s  a l s o  made from super  a l l o y .  The c l o s u r e  s t r u c t u r e  i n s i d e  

t h e  w a l l ,  from which t h e  p a n e l  r o t a t e s ,  and a f t  p a n e l  members a r e  f a b r i c a t e d  

from super  a l l o y s  d u e  t o  t h e  t empera tu re  developed by wash e f f e c t s  around t h e  

edges  of t h e  p a n e l  w h i l e  extended.  The lower f l a p  i s  extended approx imate ly  

45 d e g r e e s  from t h e  mold l i n e  d u r i n g  some phases  of e n t r y  f o r  a  s p a c e c r a f t  t r i m  

a t  11-degree ang le -of -a t t ack .  

The upper f l a p s  a r e  i n  t h e  c losed  p o s i t i o n  d u r i n g  e n t r y ,  down t o  approx- 

i m a t e l y  Mach 4 ,  T h e r e f o r e ,  t h e  s u b s t r u c t u r e ,  h e a t  s h i e l d  p a n e l s ,  and i n s i d e  

c l o s u r e  s h e e t  a r e  made from t i t a n i u m .  F i g u r e  6-69 shows t h e  recommended d e s i g n .  

The f i n  c o n s t r u c t i o n  i s  shown i n  F i g u r e  6-70. The s u b s t r u c t u r e  i s  c o n s t r u c t -  

ed from a super  a l l o y  m a t e r i a l .  The h e a t  p r o t e c t i o n  p a n e l s  on t h e  i n s i d e  and o u t -  

s i d e ,  i n c l u d i n g  t h e  r u d d e r ,  a r e  b u i l t  w i t h  a b l a t i v e  o r  r a d i a t i v e  p a n e l s .  The 

f i g u r e  shows a  r a d i a t i v e  p a n e l  approach.  
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Figure 6 -68  

LOWER CONTROL SURFACES 
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j Super Al loy 
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Figure 6-69 

UPPER CONTROL SURFACE STRUCTURAL APPROACH 

A A 

Channel Surface Diagonals 

7 Corrugated Radiat ive Panel 

Drive Hinge Rib _/ 
(Tee Caps - Crimped Web) Sheet Closure - Titanium 
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Figure 6-70 
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Appendix A Vendors 

Table A-1 l i s t s  t h e  subsystem and component s u p p l i e r s  t h a t  responded 

t o  r eques t s  f o r  des ign ,  c o s t ,  and r e l i a b i l i t y  d a t a  f o r  use  i n  t h i s  s tudy .  

These s u p p l i e r s ,  a t  no c o s t  t o  t h e  s tudy ,  provided one o r  more types  of 

requested d a t a  f o r  t h e  type  of subsystem l i s t e d  by t h e i r  name. 

TABLE A-1 

Supp l i e r s  of Design, Cost,  and R e l i a b i l i t y  Data 

Suppl ie r  

Aerojet-General 

Airesearch 

Allis-Chalmers 

Barnes Engineering 

Bendix Corporation 

Co l l in s  Radio Company 

Hamilton Standard 

Honeywell, Inc . 
IBM 

Lea.c h ,  Inc . 
Mar quardt  

Motorola 

P r a t t  and Whitney A i r c r a f t  

P r a t t  and Whitney A i r c r a f t  

Rocket dyne 

Spacecraf t ,  I nc .  

Sundstrand Aviat ion 

TRW, Inc . 
West inghouse 

Subsystem 

Propulsion 

Power Supply 

Power Supply 

Avionics 

Environment Control 

Avionics 

Environment Control  

Avionics 

Avionics 

Avionics 

Propulsion 

Avionics 

Power Supply 

Propulsion 

Propulsion 

Avionics 

Power Supply 

Avionics 

Avionics 
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Appendix B 

Saturn V/S-IVB Stage Descript ion 

Analysis of t h e  Sa turn  S-IVB s t age  c o s t  d a t a  r equ i r ed  d e f i n i t i o n  

and a n a l y s i s  of t h e  design d a t a  a s  we l l .  The fol lowing d e s c r i p t i o n  provides 

t h e  r equ i r ed  t e c h n i c a l  d a t a  on t h e  S-IVB s t a g e .  

The S-IVB s t age  i s  t h e  t h i r d  s t age  of t h e  Sa turn  V launch veh ic l e  

and i s  approximately 59 f e e t  h igh  and 22 f e e t  i n  diameter .  It i s  powered by 

a  s i n g l e  Rocketdyne J-2 engine t h a t  burns l i q u i d  oxygen and l i q u i d  hydrogen; 

useable  p rope l l an t  i s  230,000 l b s .  Af te r  second s t a g e  sepa ra t ion ,  t h e  J-2 

engine on t h e  S-IVB s t a g e  i g n i t e s  and propels  t h e  payload t o  t h e  d e s i r e d  

a l t i t u d e .  The S-IVB a s  p r e s e n t l y  designed has a  4-112 hour o r b i t a l  coas t  

p l u s  a  2  hour t r a n s l u n a r  coas t  c a p a b i l i t y .  

Inboard p r o f i l e  and cu t  away drawings of t h e  s t a g e  a r e  shown i n  

F igures  B--1 and B-2 r e s p e c t i v e l y .  Four subsystem a r e a s  a r e  descr ibed  i n  

more d e t a i l  i n  t h e  f o l l o r ~ i n g  t e x t .  A summary of t h e  system c h a r a c t e r i s t i c s  

i s  i nd ica t ed  i n  Table B-1. 

STRUCTURE - The forward and a f t  s k i r t s ,  t h e  a f t  i n t e r s t a g e  and t h e  

t h r u s t  s t r u c t u r e  a r e  a l l  made of aluminum us ing  s k i n  and s t r i n g e r  construc-  

t i o n .  The p rope l l an t  tank  i s  a  mi l l ed ,  i n t e r n a l l y  s t i f f e n e d  c y l i n d r i c a l  sec- 

t i o n  with i n t e r n a l  i n s u l a t i o n ,  welded gore forward and a f t  domes, and a  com- 

mon bulkhead of f i b e r g l a s s  honeycomb core bonded t o  aluminum sk ins .  

PROPULSION - Two so l id-propel lan t  u l l a g e  rocke t s  a r e  f i r e d  a t  

s t a g e  sepa ra t ion ,  j u s t  p r i o r  t o  i g n i t i o n  of t h e  J-2 engine,  t o  a s su re  t h a t  

t h e  p rope l l an t  i s  s e t t l e d  i n  t h e  bottom of t h e  t anks  during t h e  s t a r t  phase.  

These a r e  Thiokol TX-280 rocke t s  wi th  a  t h r u s t  of 3400 l b s .  each. The main 

engine i s  a  s i n g l e  Rocketdyne J-2 engine t h a t  burns l i q u i d  oxygen and l iqu. id  

hydrogen t o  provide a  t h r u s t  of 205,000 l b  a t  an engine mixture r a t i o  of 

511. The expansion r a t i o  of t h i s  engine is  2 7 . 5 : l .  During f l i g h t ,  t he  

main engine i s  h y d r a u l i c a l l y  gimballed i n  p i t c h  and yaw t o  provide t h r u s t  

vec tor  c o n t r o l  i n  response t o  commands from t h e  instrument u n i t .  Maximum 

gimnba1,angle i s  7'. Powered r o l l  c o n t r o l  i s  provided by f i x e d  p o s i t i o n  

hypergol ic  engines l oca t ed  i n  two a u x i l i a r y  propuls ion  system (APS) modules 

mounted 180' apa r t  on t h e  a f t  s k i r t .  Three a x i s  ( r o l l ,  p i t c h  and yaw) 
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a t t i t u d e  c o n t r o l  during coas t  i s  a l s o  provided by t h e  APS. The APS modules 

a l s o  con ta in  two small  hypergol ic  engines f o r  u l l a g e  c o n t r o l  during t h e  

f l i g h t .  These a r e  f i r e d  during t h e  f i r s t  shutdo~m of t h e  J-2 engine t o  con- 

t r o l  t h e  p o s i t i o n  of t h e  p r o p e l l a n t s  and aga in ,  p r i o r  t o  t h e  second 5-2 

s t a r t ,  t o  p o s i t i o n  t h e  p r o p e l l a n t s  during chilldown and r e s t a r t  of t h e  main 

engine.  

The a t t i t u d e  c o n t r o l  system i s  a  pulse-modulated on-off system. 

The system i s  based on t h e  minimum impulse c a p a b i l i t y  of t h e  150-lb t h r u s t  

engine,  which has a  minimum impulse b i t  c a p a b i l i t y  of 7.5 lb-sec wi th  an 

e l e c t r i c a l  input  pu l se  width of approximately 65 mi l l i seconds .  The a t t i t u d e  

c o n t r o l  system i s  designed t o  opera te  with an a t t i t u d e  dead zone of + 1  - 
degree i n  a l l  axes.  The undisturbed l i m i t  cyc le  r a t e s  a r e  approximately 

0 .2  deglsec i n  r o l l  and 0.001 deg/sec i n  p i t c h  and yaw (0.003 deg/sec dur ing  

t r a n s l u n a r  c o a s t .  ) 

The a u x i l i a r y  propulsion system i s  a  completely se l f -conta ined  

modular propuls ion  sub-system. The e l e c t r i c a l  power requirements a r e  28 

v o l t s  a t  a  maximum of 26.5 amp f o r  ope ra t ing  va lves  and switches.  

Each module conta ins  one 72-lb t h r u s t  and t h r e e  150-lb t h r u s t  

ab la t ive ly-cooled  l i q u i d  b i -propel lan t  hypergol ic  engines,  a  p o s i t i v e  

expulsion ( ~ e f l o n  b l adde r )  p rope l l an t  feed  system f o r  zero g r a v i t y  opera- 

t i o n s  and a  helium p r e s s u r i z a t i o n  system. Each conta ins  119.4 l b  of MMH 

( ~ o n o m e t h y l h ~ d r a z i n e )  f u e l  and 192.6 l b  of N 0  (n i t rogen  t e t r o x i d e )  ox id i -  
2 4 

ze r .  The nominal ox id i ze r  t o  f u e l  mixture r a t i o  i s  1.6511. 

ENVIRONMENTAL CONTROL - The forward s k i r t  thermal  c o n t r o l  systems 

f o r  cool ing e l e c t r o n i c  equipment d i f f e r  from those  used i n  t h e  a f t  s k i r t .  

The equipment mounted on t h e  forward s k i r t  i s  condi t ioned a c t i v e l y  and 

t h a t  mounted a f t  i s  condi t ioned pas s ive ly .  

I n  t h e  a c t i v e  system, e l e c t r o n i c  components a r e  mounted on 16 

thermal  condit ioned panels  ( co ld  p l a t e s )  which t r a n s f e r  hea t  t o  a  coolan t  

(60% menthanol and 40% wa te r )  flowing through t h e  panel .  The coolant  e n t e r s  

t h e  co ld  p l a t e s  a t  6 0 ' ~  maximum and l eaves  a t  70°F maximum. A coolant  f1o.c~ 

r a t e  of approximately 0 .5  gpm per  pane l  i s  used. The t o t a l  a l lowable hea t  

load  per  pane l  i s  500 w a t t s .  
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No cool ing i s  a v a i l a b l e  from t h e  end of t h e  prelaunch phase u n t i l  

approximately 130 sec  a f t e r  l i f t - o f f .  A prelaunch purge gas system u t i l i z i n g  

a i r  and gaseous n i t rogen ,  provides  t h e  forward s k i r t  a r e a  wi th  a warming 

medium. It opera tes  only up t o  t h e  t ime of launch and provides no thermal  

c o n t r o l  a f t e r  t h a t  t ime.  This system p r o t e c t s  t h e  e l e c t r o n i c  components and 

reduces oxygen present  t o  4% by volume. The t o t a l  flow r a t e  i n  t h e  forward 

a r e a  i s  about 275 lb/min. The purge gas surrounding t h e  components l o c a t e d  

i n  t h e  I . U .  and S-IVB forward s k i r t  w i l l  be a t  a temperature of 35OF t o  75OF. 

I n  t h e  pass ive  system, e l e c t r o n i c  components a r e  mounted i n  t h e  a f t  

s k i r t  a r e a  on 18  f i b e r g l a s s  pane l s .  N o  f l u i d  thermo-conditioning system i s  

used. Temperature i s  c o n t r o l l e d  through t h e  proper  su r f ace  f i n i s h  of each 

e l e c t r o n i c  package and by providing conduction pa ths  and i n s u l a t i o n .  Appro- 

p r i a t e  coa t ings  a r e  added when a s p e c i a l  hea t ing  o r  cool ing problem i s  

revea led  by c a l c u l a t i o n  o r  t e s t .  

A s epa ra t e  prelaunch purge gas system maintains  t h e  equipment 

mounted on t h e  a f t  s k i r t  a t  a temperature of 20°F t o  70°F during prelaunch 

procedures .  Dry a i r  a t  a flow of 300 l b  per  minute t o  t h e  S-IVB s t age  i s  

provided from a ground source.  Gaseous n i t rogen  purge of approximately t h e  

same flow r a t e  i s  i n i t i a t e d  about 30 minutes be fo re  LH2 loading .  During 

f l i g h t ,  h e a t  i s  r ad i a t ed  t o  space and t o  l o c a l  s inks  such a s  t h e  LOX t ank .  

ELECTRICAL POWER - The S-IVB has four  independent e l e c t r i c a l  

systems wi th  56- and 28-volt s i lver -oxide  primary b a t t e r i e s .  Forward system 

#1 (350 ampere hours ,  28 vdc)  supp l i e s  power t o  t h e  d a t a  a c q u i s i t i o n  system 

which produces low-level ,  high-frequency s i g n a l s  t h a t  must be i s o l a t e d  from 

o the r  systems. Forward system #2 (15 ampere hours ,  28 vdc) suppl ies  power 

t o  systems which cannot t o l e r a t e  switching t r a n s i e n t s  o r  high frequency 

i n t e r f e r e n c e ,  such a s  t h e  p rope l l an t  u t i l i z a t i o n  system and i n v e r t e r -  

conve r t e r .  Both b a t t e r i e s  f o r  t h e  forward systems a r e  mounted i n  t h e  f o r -  

ward s k i r t .  

Aft system #1 (270 ampere hours ,  28 vdc) supp l i e s  power t o  v a l v e s ,  

h e a t e r s  and r e l a y s  i n  t h e  main propuls ion  engine,  p r e s s u r i z a t i o n  system, 

s t a g e  sequencer,  t h a t  must be i s o l a t e d  from o the r  systems. Aft system #2 

(70 ampere hours ,  56 vdc)  supp l i e s  power f o r  an a u x i l i a r y  hydraul ic  pump, 

LOX chilldown i n v e r t e r  and LH2 chilldown i n v e r t e r .  Both b a t t e r i e s  f o r  a f t  
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system # l  and #2 a r e  l oca t ed  i n  t h e  a f t  s k i r t .  Both t h e  a f t  and t h e  forward 

systems a r e  wired through d i s t r i b u t i o n  boxes l o c a t e d  i n  t h e i r  r e s p e c t i v e  

a r e a s .  

The b a t t e r i e s  a r e  s i z e d  t o  handle t h e  s t age  load  requirements f o r  

6-1/2 hours  . 
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SATURN V / S - I V B  STAGE- 

1.0 IN. 5.0 L B / F T ~  
POLYURETHANE 258.400 DIA 

FOAM INSULATION BOLT CIRCLE 
REINFORCED IN 
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Figure B-2 

SATURN V / S - I V B  STAGE 
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Table 5-1 

SATURN S-IVB/S-V STAGE DESCRIPTION 

I. STRUCTURES 

Overall Diameter: 260 inches 

Overall Length: 708.6 inches 

Usable Main Propellant Weight: 230,000 lbs. 

Reliability: 0.9998 

Weight: 19,192 lb. 

A. Forward Skirt - 
Material: 7075-T6 Aluminum 

Construction: Skin, Ring and Stringer 

Length: 130 inches 

Weight: 1515 lb. 

B. Propellant Tank Assembly 

Material: 2014-T6 Aluminum 

Construction: Milled, internally stiffened cylindrical section; 

welded domes, common bulkhead, 

Length: 268 inches 

Weight: 8938 lb. 
- 

Volume: LOX tank - 2,828 it3, LH2 tank -10,426 ft 3 

C. Thrust Structure 

Material: 7075-T6 Aluminum 

Construction: Skin and stringer 

Weight: 767 lb. 

D.  Aft Skirt 

Material: 7075-T6 Aluminum 

Construction: Skin and stringer 

Length: 97 inches 

Weight: 1957 lb= 

E. Aft Interstage 

Material: 7075-T6 Aluminum 

Construction: Skin and stringer 

Length: 213 inches 

Weight: 5700 lb. 
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F. Fairing and Misc. Structure 

Weight: 304 lb. 

11. MAIN PROPULSION SYSTEM 

Weight: 7543 L b s .  

Reliability: 0.9806 

A. 5-2 Engine (GFE) 

Reliability: 0.9862 

Weight: 3507 lb. (including accessories) 

Vacuum Thrust: 205,000 lb. 

Expansion Ratio: 27.5:l 

Mixture Ratio: 5:l 

Fiaximum Gimbal Angle: 7" 

B .  Oxidizer Fill Drain and Vent System (Plumbing, Disconnects, Valves, 

and Pressure Switches) 

C. Fuel Fill, Drain and Vent System (Plumbing, Disconnects, Valves, 

and Pressure Switches) 

Maximum Fill Rate: 3000 GPM 

Weight: 710 lb. 

D. Pressurization System (10 Ambient Helium Spheres, Valves, Filters, 

Pressure Switches, etc.) 

Weight: 2042 lb. (Dry) 

E. Propellant Settling (2 Solid Propellant Ullage Rocket Motors with 

EBW Initiators, Firing Units and Jettisoning System) 

Thiokol TX-280 SRM' s 

Thrust: 3,390 lb. (each) 

Reliability: 0.9997 (Total) 

Weight: 192 lb. (Total) 

F. Retrorockets (4 Solid Propellant Retrorockets, EBW Initiators and 

Firing Units) 

Thiokol TE-29-18 SRM's 

Thrust: 35,700 lb. (each) 

Weight: 500 lb. (Total) 

Reliability: 0.9987 (~otal) 

G. Chilldown and Purge 

Weight: 300 lb. 
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111. AUXILIARY PROPULSION SYSTEM (APS) - 2 Modules 
Weight: 888 lb, (Total - Dry) 
Reliability: 0.9956 (Total) 

A. Attitude Control Engines (3 IAPCO, 150 lb. thrust) 

B. Ullage Engine (1 Rocketdyne, 72 lb. Thrust Gemini "OAMS1' Engine) 

C. Propellant Control System (Helium Positive Expulsion) 

D. Propellant Tanks (312 lb. of N204/MMH Propellant Capacity) - Titanium 

IV. PROPELLANT UTILIZATION SYSTEM (Fuel and Low Capacitance Mass Sensors, 

Electronics and ~nverter/Converter) 

Weight: 195 lb. 

Reliability: 0.9951 

V. POWER 

A. Electrical Systev (Control Switching Network, Sequencer, Silver-Zinc 

Batteries, Static Inverter, Distribution System Grounding and EBW 

Firing Systems) 

B. Weight: 981 lb. 

Reliability: 0.9916 

B. Environmental Control System (Local Electrical Heaters and Cold Plates 

for ~lectrical/Electronic Equipment Conditioning) 

Weight: 514 lb. 

Reliability: 0.9999 

VI. AVIOI\JICS 

A. Flight Control (Main Engine and APS Control Computers are Located in LV) 

1. Hydraulic and Pneumatic System (Main Engine Thrust Vector Steering - 

Hydraulic Pumps, Accumulator Reservoir Assembly, and Yydraulic 

Actuator Assemblies) 

Weight: 467 lb. 

Reliability: 0.9966 

2. Roll and Coast Control (Supplied by APS) 

3. Control System Electronics 

Weight: 136 lb. 

B .  Telmetry System (Instrumentation, Signal Conditioning and Data 

Transmission System - FM/FM, PAM/FM/FM, PCM/FM, and SS/FM) 
Weight: 2503 Ib. 

Data Channels : 690 Continuous and S.ampled 
QQ c 
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V I I .  SEPARATION SYSTEM (MDF Explos ive  Harness  Assembly, De tona tor  Block, 

EBW Detonator  and F i r i n g  U n i t )  

Weight: 274 l b .  

R e l i a b i l i t y :  o(11.O 

VIII. RANGE SAFETY SYSTEM (Antenna, Range S a f e t y  R e c e i v e r s ,  C o n t r o l l e r s ,  F i r i n g  

U n i t ,  EBW Detona tor ,  S & A Device,  Primacord Harness Assembly, L inear  

Shaped Charge) 

Weight: 8 1  I b s .  

R e l i a b i l i t y :  0.9999 

TOTALS : 

S t a g e  Dry Weight: 32,764 l b .  ( i n c l u d i n g  i n t e r s t a g e )  

S t a g e  Gross Weight: 271,600 

S t a g e  R e l i a b i l i t y :  0.959898 
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Appendix C 

Gemini Spacecraf t  Systems Descr ip t ion  

Analysis  of t h e  Gemini Spacecraf t  c o s t  d a t a  requi red  d e f i n i t i o n  

and a n a l y s i s  of t h e  design d a t a  a s  w e l l .  The fol lowing d e s c r i p t i o n  provides 

t h e  requi red  t e c h n i c a l  d a t a  on t h e  Gemini. 

1. GENERAL - The Gemini Spacecraf t  was designed t o  provide l i f e  

support f o r  two o r b i t i n g  a s t ronau t s  during launch,  o r b i t ,  en t ry  and landing .  

Z/lissions wi th  o r b i t  s t a y s  t imes of up t o  1 4  days were accomplished. 

The Gemini Spacecraf t  i s  a  con ica l  s t r u c t u r e  18.82 f e e t  long and 

t e n  f e e t  i n  diameter a t  i t s  base .  It i s  composed of two major assembl ies ,  

an e n t r y  veh ic l e  and a  mission module. The gene ra l  arrangement i s  shown i n  

Figures  C l - 1  and C1-2. Spacecraf t  geometry i s  shown i n  Figure C1-3. 

Spacecraf t  weights v a r i e d ,  depending on t h e  experiments,  mission 

o b j e c t i v e s ,  and mission s t a y  t ime of t h e  p a r t i c u l a r  spacec ra f t .  The weights  

of Spacecraf t s  7 and 1 4 ,  which accomplished 1 4  and 3 day missions respec- 

t i v e l y ,  a r e  presented  i n  Table C 1 - 1 .  

The r e l i a b i l i t y  apportionments f o r  a  t y p i c a l  Gemini Spacecraf t  a r e  

presented i n  Table Cl-2. 

The fol lowing sec t ions  a r e  organized by major subsystem and cover 

s t r u c t u r e ,  power sources ,  communications and ins t rumenta t ion ,  guidance and 

c o n t r o l ,  p ropuls ion ,  environmental c o n t r o l  system, crew s t a t i o n ,  and escape ,  

landing and recovery.  
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Figure C1-1 

ENTRY VEHICLE INTERIOR ARRANGEMENT (TYPICAL ) 
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Figure C1-2 

MISSION MODULE INTERIOR 

ARRANGEMENT (TY PICAL) 
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Figure C 1-3 

SPACECRAFT GEOMETRY 

SPACECRAFT 

ADAPTER MODULE -I RE-ENTRY MODULE 

Z 13.44 Z 103.44 Z 173.97 Z 239. 28  

RENDEZVOUS 
&RECOVERY-- 

ABLATION SHIELD 

Z 233.97 

Z 201.47 

SECTION A-A 

T Y  

SPACECRAFTILAUNCH VEHICLE 
MATING LINE 
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Table 61-1 

GEMINI WEIGHT SUMMARY 

Ind .  Env. P r o t  

Entry A t t  . Cont . 
Orbi t  A t t .  Cont. 

Prime Power 

Guid & Nav. 

I n s t .  & Tele .  

Crew S t a .  Cont 
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i a b l e  Cl-2 

GEMINI RELIABILITY APPORTIONMENTS 

(GROSS MISSION SUCCESS) 
48 HR ORBIT 

Gemini 12 
Estimates 

Structures 

Power Sources 

Communications & Tracking 
a. digital command system 

Instrumentation 

Guidance and Control 

Propulsion 

EC S 

Crew Station 

Landing, & Recovery 

ESCAPE (both seats) 
(~ack-up to SIC landing system) 
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2 .  STRUCTURE - The spacec ra f t  a s  prev ious ly  noted ,  i s  composed of 

two s e c t i o n s ,  t h e  e n t r y  v e h i c l e  and a  mission module. These sec t ions  a r e  

separa ted  before  d e o r b i t  and only t h e  e n t r y  v e h i c l e ,  which houses t h e  a s t r o -  

nau t s ,  must be designed t o  withstand t h e  e n t r y  environment. 

2 . 1  ENTRY MODULE - The e n t r y  module i s  an a l l  me ta l ,  s t r e s s e d  

s k i n ,  semi-monocoque s t r u c t u r a l  body. S t r i n g e r s  and longerons spaced circum- 

f e r e n t i a l l y  around t h e  s h e l l ,  a i d  i n  ca r ry ing  bending and a x i a l  loads  and 

h e l p  s t i f f e n  t h e  s h e l l s .  The e n t r y  module i s  cons t ruc ted  i n  t h r e e  sec t ions  

and then  s t r u c t u a l l y  s p l i c e d .  These t h r e e  primary sec t ions  a r e  t h e  cabin ,  

t h e  re -en t ry  c o n t r o l  system (RCS) s e c t i o n ,  and t h e  rendezvous and recovery 

(R&R) s e c t i o n .  A nose f a i r i n g  i s  f i t t e d  t o  t h e  forward end and an a b l a t i v e  

hea t  s h i e l d  i s  a t t ached  t o  t h e  a f t  end of t h e  cabin s e c t i o n .  The e n t r y  

module s t r u c t u r e  showing t h e s e  major subsec t ions  i s  p resented  i n  Figure C2.-1. 

2 .1.1 CABIN SECTION - The cabin o r  con ica l  s e c t i o n  c o n s i s t s  of a  

p re s su r i zed  inner  body, personnel  access  ha tches ,  windows, equipment bays, 

i n s ~ : l a t i o n ,  sh ing le s ,  and t h e  a b l a t i o n  s h i e l d .  

The primary load pa ths  cons i s t  of s t r i n g e r s  t o  c a r r y  t h e  bending 

and a x i a l  loads and t h e  inner  mold l i n e  s k i n ,  s i d e  panels ,  and f l o o r  t o  c a r r y  

t h e  shear  and l o c a l  p re s su re s .  This i nne r  body s t r u c t u r e  employs t i t a n i u m  

a s  t h e  m a t e r i a l  of cons t ruc t ion .  Welding i s  t h e  primary method of attachment 

t o  reduce t h e  p o s s i b i l i t y  of leakage.  The pressure  v e s s e l  i s  designed t o  with- 

s t and  an u l t ima te  b u r s t  p re s su re  of 1 2  p s i  and an u l t ima te  co l l apse  pressure  

of t h r e e  p s i .  The co l l apse  p re s su re  requirements a r e  imposed t o  provide 

f l o t a t i o n  c a p a b i l i t y  a f t e r  a  water landing.  

Outer mold l i n e  panels  a r e  designed ca r ry  l o c a l  a i r  loads  only and 

do not  c o n t r i b u t e  t o  t h e  primary load c a r r y  c a p a b i l i t y .  These r a d i a t i v e  

hea t  p ro t ec t ion  panels  a r e  cons t ruc ted  of super a l l o y s .  Rene' 4 1  and L-605 

a r e  t h e  m a t e r i a l s  most commonly used.  

I n s u l a t i o n  m a t e r i a l s  used t o  impede hea t  t r a n s f e r  t o  t h e  inner  

body a r e  Min-K, f i b e r g l a s s  and Thermoflex RF. 

Two s t r u c t u r a l  ha tches  a r e  l oca t ed  symmetrically on t h e  t o p  s i d e  

of t h e  pressure  v e s s e l  t o  a l low ing res s  and eg res s .  The hatches may be 

manually opened by means of a  handle;  i n  an emergency pyrotechnic charges 
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Figure  CZ-1 
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a r e  used. Each hatch incorpora tes  a  window which conta ins  3  panes of g l a s s  

separa ted  by a i r  spaces.  

Three major equipment bays a r e  l oca t ed  ou t s ide  t h e  cabin  p re s su re  

v e s s e l .  Most system components a r e  l oca t ed  i n  t h e s e  bays. Mold l i n e  doors 

a l low quick access  t o  t h e s e  compartments. 

2 . 1 . 2  RE-ENTRY CONTROL SYSTEM SECTION - The RCS s e c t i o n  extends 

from t h e  Conical Sec t ion  s p l i c e  a t  2173.97 t o  t h e  R&R Sect ion sepa ra t ion  

j o i n t  a t  2191.97. This  s ec t ion  houses t h e  Reaction Control  and a l s o  i s  t h e  

primary support s t r u c t u r e  f o r  loads  induced by deployment of t h e  recovery 

parachute . 
The bas ic  s t r u c t u r e  i s  of t i t a n i u m  shee t  wi th  l o n g i t u d i n a l  s t i f f -  

ene r s .  There a r e  four  e x t e r n a l  t i t an ium r i n g s .  The mold l i n e  panels  a r e  

Beryllium sh ing le s  t h a t  vary i n  t h i ckness  from 0.28 t o  0.09 inches .  These 

sh ing le s  a r e  a t tached  t o  t h e  s t r u c t u r e  by Beryllium r e t a i n e r s  t h a t  a l low 

thermal  expansion. 

Between t h e  mold l i n e  sh ing le s  and t h e  primary s t r u c t u r e  thermoflex 

RF s e r i e s  b lanket  i n s u l a t i o n  i s  i n s t a l l e d .  

2 . 1 . 3  RENDEZVOUS AND RECOVERY SECTION - The R&R Sec t ion  extends 

from t h e  separa t ion  j o i n t  a t  2191.97 t o  t h e  nose. The s t r u c t u r a l  concepts ,  

thermal  p r o t e c t i o n  techniques ,  and m a t e r i a l s  a r e  t h e  same a s  t hose  employed 

i n  t h e  RCS s e c t i o n .  

2.2 MISSION MODULE - The Mission Module i s  a  t runca ted  cone 90 

inches long t h a t  conta ins  t h e  systems and equipment needed f o r  long dura t ion  

o r b i t a l  f l i g h t s .  It a l s o  serves  a s  an adapter  between t h e  e n t r y  spacec ra f t  

and t h e  launch v e h i c l e  and a s  a  r a d i a t o r  f o r  t h e  spacec ra f t  coolant  system. 

For f u n c t i o n a l  purposes t h e  module i s  divided i n t o  two s e c t i o n s ,  t h e  r e t r o -  

grade s e c t i o n  and t h e  adapter  equipment s e c t i o n .  The mission module s t ruc -  

t u r e  i s  shown i n  F igure  C2-2. 

The r e t rog rade  and adapter  equipment s ec t ions  a r e  both of semi- 

monocoque type  cons t ruc t ion .  The s t r i n g e r s  a r e  of extruded magnesium, and 

a r e  welded t o  r o l l e d  magnesium s h e e t s .  The inboard f lange  of t h e  ex t rus ions  

i s  a  hollow bulb t h a t  in te rconnects  between s t r i n g e r s .  A coolant  f l u i d  is  

passed through these  bulbs and u t i l i z e s  t h e  adapter  su r f ace  a s  a  space 
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Figure 632-2 

M I S S I O N  MODULE STRUCTURE 

A C E  
L U G  

T.Y. 

S T R A P  L O C A T I O N S  
A T  2103.44 

L O O K I N G  FORWARD 

RADIATOR C O O L A N T  

7 

T Y P .  STRINGER S E C T I O N  
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r a d i a t o r .  Aluniinwn r i n g s  a r e  spaced a t  r e g u l a r  i n t e r v a l s  t o  s t a b i l i z e  t h e  

s t r i n g e r s  and t o  support t h e  adapter  equipment. 

The r e t rog rade  s e c t i o n  con ta ins  t h e  r e t rog rade  rocket  motors and 

t h e i r  suppor t ing  s t r u c t u r e .  The rocket  motors a r e  supported by two perpen- 

d i c u l a r  c r o s s  beams t h a t  t r ansmi t  loads  t o  t h e  adapter  s h e l l .  

The adapter  equipment s e c t i o n  houses t h e  var ious  equipment modules. 

Most of t h i s  equipment i s  supported by aluminum and f i b e r g l a s s  honeycomb 

panels  a t  266.74. These panels  p lus  an access  door combine t o  form a b l a s t  

s h i e l d  t h a t  p r o t e c t s  t h e  equipment and boos ter  from re t rog rade  rocket  engine 

b l a s t  i f  t h e s e  rocke t s  a r e  used during launch a b o r t .  
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3. POWER SOURCES - The bas i c  e l e c t r i c a l  power i n  t h e  Gemini space- 

c r a f t  i s  suppl ied  by f u e l  c e l l s  f o r  t h e  a scen t  and o r b i t a l  phases and b a t t e r -  

i e s  f o r  t h e  e n t r y ,  l anding  and post-landing phses .  Power supply i s  through 

a  mu l t ip l e  bus a t  22 t o  30 VDC. 

3 . 1  FUEL CELL SYSTEM - The f u e l  c e l l  system i s  made up of two 

f u e l  c e l l s  and a  r e a c t a n t  supply system (RSS) .  The Fuel  C e l l  System f o r  

Gemini Spacecraf t  7  i s  shown i n  Figure C 3 - 1 .  A schematic of t h e  system i s  

shown i n  F igure  C3-2. 

3 . 1 . 1  FUEL CELLS - The two s e c t i o n s  have a  combined output  of  

2 .0  KW. Each s e c t i o n  c o n s i s t s  of t h r e e  s t a c k s  i n  p a r a l l e l ,  e l e c t r i c a l l y .  

Each s e c t i o n  i s  c y l i n d r i c a l ,  wi th  a  l eng th  of approximately 24" and a  d i a -  

meter of 12". 

3 .1.2 REACTANT SUPPLY SYSTEM - The f u e l  c e l l  r e a c t a n t s ,  oxygen and 

hydrogen, a r e  s to red  i n  double w a l l ,  vacuum i n s u l a t e d ,  sphe r i ca l  con ta ine r s .  

Severa l  t ank  s i z e s  were used depending on t h e  mission du ra t ion .  The 

r e a c t a n t s  a r e  s to red  a t  s u p e r c r i t i c a l  p re s su re s  and cryogenic temperatures .  

Reactant 

Oxygen 

Hydrogen 

Pressure  Temperature 
PSIA OF 

14.7 -297 

3.2 BATTERIES - Power during e n t r y  was suppl ied by s i lver -oxide  

zinc b a t t e r i e s .  Four 45 amplhour and t h r e e  15  amp/hour squib b a t t e r i e s  pro- 

v ide  t h e  necessary power. A l l  b a t t e r i e s  were a c t i v a t e d  and sea led  a t  s e a  

l e v e l  p re s su re .  
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Figure C3-1 
RSS/FUEL CELL MODULE (S/C 7) 
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Figure 63-2 

FUEL CELL RSS SCHEMATIC 
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4 .  COMMUNICATIONS AND INSTRWNTATION - The Gemini telecommunica- 

t i o n s  system provides  t h e  i n t e l l i g e n c e  l i n k  between t h e  ground and t h e  Gemini 

spacec ra f t .  It provides  t h e  c a p a b i l i t i e s  f o r  ( a )  r ada r  t r ack ing  of t h e  

spacec ra f t ,  (b) two-way voice  communications between t h e  ground and t h e  

spacec ra f t  and from as t ronau t  t o  a s t r o n a u t ,  ( c )  ground t o  spacec ra f t  d a t a  o r  

command l i n k ,  ( d )  spacec ra f t  t o  ground d a t a  l i n k  and ( e )  post-landing recov- 

e ry  a i d s .  

The equipment used t o  provide t h e  c a p a b i l i t y  of communications and 

ins t rumenta t ion  i s  shown i n  t h e  block diagrams, F igures  ~ 4 - 1  and C4-2. A des- 

c r i p t i o n  of t h e  equipment f o r  t h e s e  two subsystems fo l lows:  

4 . 1  COMMUNICATION SUBSYSTEM EQUIPMENT - The communications equip- 

ment inc ludes  a l l  RF equipment p lus  t h e  audio po r t ion  of t h e  voice ,  t r a c k i n g ,  

command and recovery equipment. The communciations system provides f o r  t h e  

RF l i n k  between t h e  spacec ra f t  and t h e  ground s t a t i o n s .  

The voice  c o n t r o l  cen ter  provides process ing ,  switching,  and rou t -  

ing  of audio s i g n a l s  t r ansmi t t ed  wi th in  t h e  veh ic l e  and between t h e  v e h i c l e  

and ground. It i s  a s i n g l e  u n i t  conta in ing  microphone a m p l i f i e r s ,  headset  

a m p l i f i e r s ,  squelch c o n t r o l s ,  volume c o n t r o l s ,  vo ice  l e v e l  operated swi tches ,  

and t ransmiss ion  mode (vHF o r  HF) s e l e c t  switches.  

The VHF voice  t r a n s c e i v e r s  provide t h e  normal RF l i n k  f o r  vo ice  

t ransmiss ion  between t h e  veh ic l e  and t h e  ground s t a t i o n s .  The HF voice  

t r a n s c e i v e r  provides  a  backup voice l i n k  while  i n  o r b i t  and an over-the- 

horizon RF voice  l i n k  f o r  emergency landings .  Both VHF and HF t r a n s c e i v e r s  

conta in  f i x e d  tuned AM t r a n s m i t t e r s ,  superheterodyne r e c e i v e r s ,  power sup- 

p l y ,  modulator,  audio  ampl i f i e r s  and squelch c i r c u i t r y .  

The C-Band radar  beacon ( t ransponder)  enhances t h e  ground t r a c k i n g  

s i g n a l s  and provides  p o s i t i v e  spacec ra f t  ( o r  t a r g e t )  i d e n t i f i c a t i o n  f o r  t h e  

ground t r a c k i n g  network. The ground t r a c k i n g  s i g n a l s  a r e  rece ived  on-board, 

s h i f t e d  i n  frequency,  by a  present amount, ampl i f ied  and r e t r ansmi t t ed  t o  

t h e  ground network. Both p o s i t i o n  and v e l o c i t y  of t h e  spacec ra f t  i s  

determined a t  t h e  ground network. The C-Band beacon c o n s i s t s  of a  super- 

heterodyne r e c e i v e r ,  decoder,  t r a n s m i t t e r ,  power supply and r e g u l a t o r ,  

modulator and c i r c u l a t o r  . 
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The d i g i t a l  command subsystem (DCS) r ece ives  and decodes t h e  up l ink  

o r  command s i g n a l s  t r a n s m i t t e d  from t h e  ground s t a t i o n s .  The decoded s ig -  

n a l s  provide commands f o r  c o n t r o l  of spacec ra f t  systems and provide naviga- 

t i o n  updates  t o  t h e  spacec ra f t  guidance computer. The d i g i t a l  command sub- 

system c o n s i s t s  of RF r ece iv ing  equipment, a  d e t e c t o r ,  a  decoder,  and a  buf- 

f e r  s to rage  u n i t .  The r e c e i v e r  equipment conta ins  two i d e n t i c a l  UHF super- 

heterodyne, dua l  conversion r e c e i v e r s  which a r e  opera ted  a c t i v e l y  redundant.  

The d e t e c t o r  e x t r a c t s  t h e  system synchronizat ion and d a t a  from t h e  audio 

output  of t h e  r e c e i v e r s .  The decoder recognizes  sub-bi t  coding ( f i v e  sub- 

b i t s  pe r  b i t  f o r  redundancy) i n  d a t a  rece ived  from t h e  d e t e c t o r  and proces- 

s e s  t h e  30 b i t  message. Data i s  s en t  t o  o the r  systems from b u f f e r  s to rage ,  

upon a  reques t  from t h a t  system, o r  upon a c t i v a t i o n  of r e l a y s  (32 max. ) 

l o c a t e d  wi th in  t h e  DCS. 

The VHF recovery beacon serves  a s  a  spacec ra f t  d i r e c t i o n  f ind ing  

a i d  f o r  recovery c r a f t  during t h e  Ear th  descent and pos t  landing  mission 

phase.  The beacon c o n s i s t s  of a  c r y s t a l  con t ro l l ed  t r a n s m i t t e r ,  power ampli- 

f i e r ,  and power supply. 

4 . 2  INSTRUMENTATION SUBSYSTEM EQUIPMENT - The Instrumentat ion sub- 

system provides t h e  means f o r  monitoring t h e  performance and opera t ion  of 

t h e  spacec ra f t  through t h e  e n t i r e  mission.  The subsystem modif ies  t h e  per- 

formance and ope ra t ion  s i g n a l s ,  when necessary,  t o  u sab le  l e v e l s ,  records  

c e r t a i n  d a t a  f o r  delayed t r ansmis s ion ,  provides s i g n a l s  f o r  real- t ime t r a n s -  

mission t o  t h e  ground, and monitors c e r t a i n  phys io log ica l  c h a r a c t e r i s t i c s  

of t h e  a s t r o n a u t s .  The ins t rumenta t ion  system i s  composed of s i x  subsystems 

which a r e  ( a )  s enso r s ,  ( b )  s i g n a l  cond i t i one r s ,  ( c )  mul t ip lexers /encoder ,  

( d )  t a p e  recorder / reproducer ,  ( e )  phys io logica l  d a t a  a c q u i s i t i o n  system and 

( f )  t e l eme t ry  t ransmiss ion  system. 

A v a r i e t y  of sensors  inc luding  p re s su re ,  t empera ture ,  acce lera-  

t i o n ,  v i b r a t i o n ,  and CO p a r t i a l  p re s su re s  a r e  monitored by t h e  mul t ip l exe r s /  
2 

encoder .  Also, t h e  sensor  outputs  a r e  displayed on cabin  i n d i c a t o r s  when 

d i r e c t  a s t ronau t  readout  i s  des i r ed .  S igna l  condi t ion ing  when requi red  i s  

provided by two s i g n a l  condi t ion ing  packages. The mult iplexer/encoder  

equipment samples and conver t s  t h e  var ious  analog and d i g i t a l  s i g n a l s  i n t o  

a  s e r i a l  pu lse  code modulated (PCM)  s i g n a l  which i s  suppl ied  t o  t h e  r e a l  
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t ime te lemet ry  t r a n s m i t t e r  and t a p e  recorder / reproducer .  The mul t ip lexer /  

encoder equipment i s  composed of four  mu l t ip l exe r s  ( f i v e  max.) and a  PCM 

programmer. The programmer provides t iming  s i g n a l s  f o r  t h e  mul t ip l exe r s ,  

and performs 8 b i t  PCM encoding p l u s  i n t e r l e a v i n g  of s e r i a l  d i g i t a l  da t a  

from t h e  computer and t ime r e fe rence  system i n t o  t h e  51.2K b i t  PCM b i t  

s t ream. 

The t a p e  r eco rde r  and reproducer provides means of s t o r i n g  d a t a  

dur ing  per iods  when t h e  spacec ra f t  i s  beyond range of t h e  ground s t a t i o n s .  

The capac i ty  of t h e  t a p e  recorder  permits  4 . 5  hours of record ing .  The 

recorded parameters a r e  t r ansmi t t ed  t o  Ear th  v i a  t h e  delayed t ime t e l eme t ry  

t r a n s m i t t e r s  and used t o  v e r i f y  spacecraf t  condi t ions  when t h e  spacec ra f t  

i s  not wi th in  range of a  ground s t a t i o n .  

The phys io log ica l  da t a  a c q u i s i t i o n  subsystem monitors t h e  physio- 

l o g i c a l  condi t ion  of t h e  f l i g h t  crew. It c o n s i s t s  of s enso r s ,  s i g n a l  condi- 

t i o n e r s ,  a  biomedical power supply,  and two s p e c i a l  t a p e  r eco rde r s .  E lec t ro-  

cardiograms, h e a r t  sounds, blood p re s su re ,  r e s p i r a t i o n  r a t e  and volume, and 

o r a l  temperatures  a r e  measured. The r e s u l t a n t  d a t a  i s  appl ied  t o  t h e  

mult iplexer/encoder  subsystem. 
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5 . 1  SYSTEM FUNCTIONAL DESCRIPTION - The Guidance, Navigation, 

and Control  ( G ,  N and C )  system of t h e  NASA Gemini spacec ra f t  i s  r e spons ib l e  

f o r  t r a j e c t o r y  management and spacec ra f t  o r i e n t a t i o n  dur ing  rendezvous and 

e n t r y .  I n  a d d i t i o n ,  t h e  guidance and naviga t ion  equipment serves  a s  a  back- 

up t o  t h e  T i t an  I1 launch v e h i c l e  guidance system during ascent  by providing 

i n e r t i a l l y  der ived  s t e e r i n g  s i g n a l s  t o  t h e  launch v e h i c l e  c o n t r o l  system. 

5 .2  SYSTEM EQUIPMENT (Ref. F ig .  ~ 5 - 1 )  

5 .2 .1  The G ,  N ,  and C system c o n s i s t s  of t h e  fol lowing main sub- 

system: 

I n e r t i a l  Guidance System 

I n e r t i a l  Measurement Unit ( IMU)  - pla t form,  e l e c t r o n i c s ,  and 

power supply 

D i g i t a l  Computer 

F l i g h t  Control  System 

A t t i t u d e  Control  E lec t ron ic s  (ACE)  

Power I n v e r t e r  

Rate  Gyro Packages ( 2 )  

O r b i t a l  A t t i t u d e  and Maneuvering E lec t ron ic s  (OAME) 

P i l o t  Controls  - a t t i t u d e  land c o n t r o l l e r ,  maneuver hand 

control7.er ( 2 ) 

Sensors 

Horizon Sensors ( 2 )  

Rendezvous Radar 

Time Reference System 

E lec t ron ic  Timer 

Event Timer 

Mechanical Clock 

Instruments  

Manual Data I n s e r t  and Read-out Uni t s  (MDW, MDRU) 

Incremental  Veloc i ty  Ind ica to r  ( I V I )  

A t t i t u d e  Display Group (ADG)  

Range and Range Rate I n d i c a t o r  
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5.2.2 S a l i e n t  f e a t u r e s  of t h e  b a s i c  u n i t s  of t h e  G ,  N, and C 

system a r e  a s  fo l lows:  

I n e r t i a l  Measurement Unit 

Platform - 3  single-degree-of-freedom f l o a t e d  gyros and 3  

p a r t i a l l y  f l o a t e d  pendulous accelerometers  

mounted i n  or thogonal  t r i o d e s  on a  s t a b l e  element.  

This element i s  suspended i n  a  4 gimbal mounting 

us ing  gimbal synchors f o r  a t t i t u d e  d i s p l a y  and 

phase s h i f t  r e so lves  f o r  d i g i t a l  conversion wi th in  

t h e  computer. The gimbals a r e  dr iven  by d i r e c t  

d r i v e  pancake type  torque  motors. 

E lec t ron ic s  - 3600 pps pu l se  rebalanced accelerometer  l oops ,  

gimbal c o n t r o l  e l e c t r o n i c s ,  and a t t i t u d e  and 

a c c e l e r a t i o n  loop malfunction d e t e c t i o n  a scen t .  

Power Supply - 3  s e c t i o n s ,  s epa ra t e  pu l se  width r e g u l a t i o n s .  

I M V  DC s e c t i o n  

Computer DC s ec t ion  

2 6 ~  AC,  400 cps sec t ions  ( 2 )  - f o r  r e f e rence  vo l t age  and 

f o r  backup t o  t h e  ACME power i n v e r t e r .  

D i g i t a l  Guidance Computer - This u n i t  i s  a  s e r i a l ,  l i n a r y ,  gene ra l  

purpose computer wi th  an e l e c t r i c a l l y  a l t e r a b l e  memory. The com- 

pu te r  i n t e r f a c e s  wi th  t h e  I M V ,  r a d a r ,  d i g i t a l  command system ( D C S ) ,  

t e lemet ry  system, f l i g h t  c o n t r o l  system, a t t i t u d e  d i s p l a y  i n s t r u -  

ments, e l e c t r o n i c  t i m e r ,  launch veh ic l e  a u t o p i l o t ,  MDIV and I V I ,  

and wi th  t h e  Auxi l ia ry  L i f e  Memory u n i t  (ATM) f o r  i n - f l i g h t  r e -  

programming. 

Memory capac i ty  - 4096 words (39 b i t s lword )  

Data work - 26 b i t s  

I n s t r u c t i o n  words - 1 3  b i t s  

Add t ime - 140 microseconds 

Mult iply t ime - 420 microseconds 

Divide t ime - 840 microseconds 

Di sc re t e s  - 40 i n p u t s ,  30 outputs  

Incremental  channels - 3  i n p u t s ,  3  outputs  
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D i g i t a l  d a t a  - 5 i n p u t s ,  4 ou tputs  

Analog channels  - 3 i n p u t s ,  6 outputs  

F l i g h t  Control  System - accepts  s i g n a l s  r ep re sen t ing  a t t i t u d e  

e r r o r s  and r a t e  commands from var ious  sources  (hand c o n t r o l l e r ,  

computer, I M U ,  and horizon s e n s o r ) ,  combines t h e  s i g n a l s  wi th  a t t i -  

tude  r a t e  s i g n a l s  from t h e  r a t e  gyros,  and conver t s  t h e s e  s i g n a l s  

i n t o  on-off l o g i c  commands t o  t h e  Re-entry Control  System and 

Orbi t  Maneuver System and Orbi t  Maneuver System so lenoids .  

Max. command r a t e s  

p i t c h  and yaw - 10  deg . / sec .  

r o l l  - 15 deg . /sec . 
A t t i t u d e  deadband - - + l . l t o  - +5 degrees .  

Rate deadband - - +0.2 t o  - +4.O deg . / s ec .  

Horizon Sensor - ope ra t e s  i n  t h e  8 t o  18  micron I R  band; scans t h e  

horizon i n  azimuth t o  produce p i t c h  and r o l l  a t t i t u d e  e r r o r  s i g -  

n a l s  t h a t  i n d i c a t e  t h e  a t t i t u d e  of t h e  spacec ra f t  r e l a t i v e  t o  l o c a l  

v e r t i c a l ,  t o  w i th in  5 . 3 '  ( 3 . 0 ) .  

h s t r m - e n t  accuracy 0 . 1  deg. 

Sca le  f a c t o r  + l o %  from -14 t o  +14 deg. 

A t t i t u d e  range -20 t o  +20 degrees 

Rendezvous Radar - ope ra t e s  i n  t h e  L-band wi th  a cooperat ive 

t ransponder  i n  t h e  t a r g e t  veh ic l e .  Provides d i g i t a l  range and low- 

s i g h t  angle  d a t a  t o  t h e  computer, and analog range and range r a t e  

t o  t h e  crew d i s p l a y  u n i t .  

D i g i t a l  range 500 f t .  t o  250 NM 

Range r a t e  -100 t o  +500 f t .  / sec .  

Angle - +25 degrees 

PRF 250 PPS 

5.3 Mission usage of G ,  N ,  and C system: 

Ascent - The system provides backup s t e e r i n g  s i g n a l s  t o  t h e  

launch veh ic l e  from l i f t - o f f  through second s t age  cu t -  

o f f .  I n s e r t i o n  v e l o c i t y  accuracy i s  approximately 

+30 ft . / s ee .  i n  p lane  and +130 f t  . / s ee .  out of p l ane ,  - - 
bu t  t h e  l a t t e r  e r r o r  i s  co r r ec t ed  t o  230 f t . / s e c .  by 
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r a d i o  update based on ground t r a c k i n g  dur ing  launch .  

Rende~~vous - During t h e  catch-up and g ros s  rendezvous phase of 

t h e  mission ( i . e .  u n t i l  t h e  t r a i l i n g  displacement 

i s  l e s s  t han  250 nm.),  spacec ra f t  maneuvering i s  

p red ic t ed  on ground-based guidance up-dates.  When 

t h e  i n t e r v e h i c u l a r  range becomes l e s s  t han  250 nm 

t h e  r ada r  i s  used t o  provide r e l a t i v e  v e l o c i t y ,  

range,  and any d a t a  t o  t h e  guidance computer. The 

computer t hen  used t h i s  d a t a ,  t oge the r  wi th  p la t form 

gimbal angle  d a t a ,  t o  compute t h e  v e l o c i t y  changes 

r equ i r ed  f o r  rendezvous wi th in  one o r b i t .  Vernier  

connections a r e  computed and appl ied  during t h i s  

o r b i t ,  wi th  f i n a l  rendezvous maneuver, based on 

v i s u a l  observat ions of t h e  t a r g e t  and range and 

range r a t e  information from t h e  r ada r .  Docking i s  

completed without f u r t h e r  a i d  of guidance equipment. 

Entry - The i n e r t i a l  guidance system i s  used dur ing  r e t r o g r a d e  

and e n t r y  t o  measure and compensate f o r  t h r u s t  e r r o r s  a t  

r e t rog rade  and compensate f o r  t h r u s t  e r r o r s  a t  r e t r o -  

grade and dynamic e r r o r s  ( e x . ,  i . g .  and atmospheric uncer- 

t a i n t i e s )  during e n t r y .  The p r e c i s i o n  of t h e  va r ious  

guidance and naviga t ion  system components, i s  l a r g e l y  

p red ic t ed  on t h e  requirement f o r  minimal measurement 

u n c e r t a i n t i e s  during t h i s  phase of t h e  mission.  The 

goa l  of 27 t o  10 nm (30 a t  recovery system deployment 

was met on those  spacec ra f t  f l i g h t s  i n  which t h e  f u l l y  

automatic s t e e r i n g  c a p a b i l i t y  of t h e  G ,  N ,  and C system 

was used during e n t r y .  
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6. PROPULSION SYSTEMS - A Spacecraf t  Propulsion System i s  

i n s t a l l e d  i n  t h e  Gemini t o  provide  t h e  r e a c t i o n  f o r c e s  necessary  f o r  t r a n s l a -  

t i o n  maneuvers and c o n t r o l  of spacec ra f t  a t t i t u d e .  The Spacecraf t  Propulsion 

System i s  comprised of t h r e e  sepa ra t e  and independent propuls ion  systems. 

( a )  A l i q u i d  p rope l l an t  O r b i t a l  A t t i t u d e  and Maneuver System 

( OAMS ) 

( b )  A l i q u i d  p rope l l an t  Re-Entry Control  System (RCS) 

( c )  A s o l i d  p rope l l an t  Retrograde System 

A more d e t a i l e d  d e s c r i p t i o n  of t h e s e  propulsion systems i s  given i n  t h e  f o l -  

lowing paragraphs.  

6 .1  - The OAMS 

c o n t r o l s  t h e  spacec ra f t  a t t i t u d e  and provides t r a n s l a t i o n  maneuver c a p a b i l i t y  

from t h e  t ime of launch v e h i c l e  s epa ra t ion  u n t i l  t h e  i n i t i a t i o n  of t h e  r e t r o -  

grade phase of t h e  mission.  This combination of a t t i t u d e  c o n t r o l  ( 3  a x i s )  

and t r a n s l a t i o n  maneuvering ( 6  d i r e c t i o n s )  provides t h e  spacec ra f t  wi th  an 

o r b i t a l  rendezvous and docking c a p a b i l i t y .  

The OAMS i s  a  helium p res su re  fed  system u t i l i z i n g  n i t rogen  

t e t r o x i d e  ( N  0  ) and monomethythydrazine (MMH) p r o p e l l a n t s  which a r e  s t o r e d  
2  4 

i n  p o s i t i v e  expulsion t anks .  Thrust  i s  provided by 16  a b l a t i v e l y  cooled 

engines bur ied  a t  var ious  p o i n t s  about t h e  adap te r .  Major system components 

a r e  shown schemat ica l ly  i n  F igure  C6-1; an i n s t a l l a t i o n  i some t r i c  i s  presented 

i n  F igure  C6-2. Sunnary d e s c r i p t i o n s  of t h e  components a r e  presented i n  

Table C6-1. 

6 .2 RE-ENTRY ATTITUDE CONTROL SYSTEM (RCS) - The RCS c o n t r o l s  

t h e  spacec ra f t  a t t i t u d e  during t h e  r e t rog rade  maneuver and during t h e  subse- 

quent re -en t ry  phase of t h e  mission.  This func t ion  i s  c r i t i c a l  wi th  regard  

t o  crew s a f e t y ;  hence two sepa ra t e  but  i d e n t i c a l  systems ( o r  r i n g s )  a r e  pro- 

v ided ,  e i t h e r  one of which i s  capable of providing t h e  necessary con t ro l  

t o rques .  

The RCS i s  a  n i t rogen  p re s su re  f e d  system u t i l i z i n g  n i t rogen  

t e t r o x i d e  (N204) and monomethl hydrogine (MMH) p r o p e l l a n t s  which a r e  s t o r e d  

i n  p o s i t i v e  expulsion t anks .  In  each system, t h r u s t  i s  produced by 8 ,  

a b l a t i v e l y  cooled engines bur ied  a t  var ious  p o i n t s  about t h e  forward end of 
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t h e  e n t r y  module. Major system components a r e  shown ~ c h e r n a t i c a ~ l l y  i n  

Figure ~ 6 - 3 ;  an installation isometric is given in Figure C6-4. Summary des- 

c r i p t i o n s  of t h e  major components a r e  presented  i n  Table ~ 6 - 2 .  

6.3 RETROGRADE PROPULSION SYSTEMS - The retrograde system 
provides  t h e  incremental  v e l o c i t y  change needed t o  de-orbi t  t h e  s p a c e c r a f t .  

This system i s  a l s o  used t o  remove t h e  crew module from t h e  launch v e h i c l e  

i n  t h e  event of an abor t  during t h e  f i n a l  p o r t i o n  of t h e  launch t r a j e c t o r y .  

(LOW a l t i t u d e  escape c a p a b i l i t y  i s  provided by e j e c t i o n  s e a t s . )  

The r e t rog rade  systems i s  comprised of four  s o l i d  p rope l l an t  

motors,  any t h r e e  of 5~hich  a r e  s u f f i c i e n t  t o  accomplish t h e  r e t rog rade  

maneuver. The motors a r e  s e r i e s  o r  r i p p l e  f i r e d  i n  5 . 5  second i n t e r v a l s ;  

each motor d e l i v e r s  an average t h r u s t  of 2584 l b s .  Each motor has dua l  

i g n i t e r s  and c o n s i s t s  of a  p rope l l an t  g ra in  which i s  contained as a  s p h e r i c a l  

t i t a n i u m  c a s e ,  a  g r a p h i t e  t h r o a t  i n s e r t  and an a b l a t i v e  nozz le .  A motor cu t -  

away i s  shown i n  Figure C6-5,  and an installation isometric in Figure C6-6.  
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Figure C6-1 

SCHEMATIC - GEMIN I  ORBITAL ATTITUDE AND MANEUVERING SYSTEM 

23 l b  thrust engines (1-8) 
85 l b  thrust engines (11, 12) 

94.5 1b Thrust engines (9,  10 ,  1.3-16) 
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Table C6-1 

SUMMARY DESCRIPTION - OAMS COMPONENTS 

P r e s s u r a n t  G r o u ~  

P r e s s u r a n t  Tank - Helium s t o r a g e ;  a  3000 p s i a  t i t a n i u m  s p h e r e  hav ing  

a  16 .2  i n c h  O.D. and a n  i n t e r n a l  volume of 1696 c u b i c  i n c h e s .  

"A" Package* - P r e s s u r a n t  f u e l  and i s o l a t i o n ;  c o n s i s t s  of a  normal ly  

c l o s e d  p y r o t e c h n i c  v a l v e ,  c h a r g i n g  and ground t e s t  connec t ions ,  f i l t e r  

and s o u r c e  p r e s s u r e  t r a n s d u c e r .  

I t  I t  B Package;f - P r e s s u r a n t  r e l i e f  and r e v e r s e  f low c o n t r o l ;  c o n s i s t s  of 

b u r s t  d i a p h r a m j r e l i e f  v a l v e s ,  check v a l v e s ,  r e g u l a t e d  p r e s s u r e  

t r a n s d u c e r s ,  f i l t e r  and ground test  connec t ions .  

"E" Package - Backup p r e s s u r e  r e g u l a t i o n ;  c o n s i s t s  of a  normal ly  open 

and a  normal ly  c l o s e d  p y r o t e c h n i c  v a l v e ,  manual by-pass v a l v e ,  p r e s s u r e  

s w i t c h ,  a  normal ly  c l o s e d ,  two-way s o l e n o i d  v a l v e  an6 f i l t e r .  

P r e s s u r e  Regula to r*  - P r e s s u r e  r e g u l a t i o n ;  s i n g l e  s t a g e  u n i t  w i t h  

redundant  be l lows ,  c o n t a i n s  f low l i m i t e r  v a l v e .  

P r o p e l l a n t  Group 

Oxid ize r  Tank - Oxid ize r  s t o r a g e / e x p u l s i o n ;  c o n s i s t s  of a  s p h e r i c a l  

t i t a n i u m  s h e l l ,  t e f l o n  b l a d d e r  and p e r f o r a t e d  e x p u l s i o n  t u b e .  There  

a r e  two tank  s i z e s ,  one 20.12 i n c h  O.D.  w i t h  a  4130 c u b i c  i n c h  

p r o p e l l a n t  volume, t h e  o t h e r  21.96 i n c h  O.D.  w i t h  a  5355 c u b i c  i n c h  

volume. Opera t ing  p r e s s u r e ,  295 p s i a .  

F u e l  Tank - F u e l  s t o r a g e / e x p u l s i o n ;  same a s  o x i d i z e r  t a n k s .  

"Cf t  Package* - Oxid ize r  i s o l a t i o n  and f i l l ;  c o n s i s t s  of normal ly  c l o s e d  

p y r o t e c h n i c  v a l v e ,  f i l l  and ground t e s t  connec t ions  and f i l t e r .  

"D" Package* - Fue l  i s o l a t i o n  and f i l l ;  same a s  "C" package. 

Motor Valve - Backup p r o p e l l a n t  i s o l a t i o n ;  and e l e c t r i c  motor d r i v e n ,  

poppet  v a l v e .  The motor d r i v e s  a  jackscrew,  through a  t h r e e  s t a g e ,  

p l a n e t a r y  g e a r  t r a i n ,  which i n  t u r n  t r a n s l a t e s  t h e  poppet .  

* This  component a l s o  used i n  re-entry c o n t r o l  system. 
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Table C6-1 (Continued) 

3. Engine Group 

The eng ine  group is  composed of e i g h t ,  23-lbs t h r u s t  eng ines ,  two 79-lb 

t h r u s t  e n g i n e s  and s i x ,  94-lb t h r u s t  eng ines .  The 23-lb t h r u s t  u n i t s  

a r e  used f o r  a t t i t u d e  c o n t r o l ;  t h e  79-and 94-lb t h r u s t  u n i t s  f o r  

t r a n s l a t i o n .  The eng ines  a r e  a l l  of t h e  same b a s i c  d e s i g n ,  c o n s i s t i n g  

of our a b l a t i v e  chamber/nozzle,  a  g r a p h i t e  chamber l i n e r ,  a  t u n g s t e n  

t h r o a t  i n s e r r ,  a s t a i n l e s s  s t e e l  i n j e c t i o n  and two, f a s t  r esponse  

s o l e n o i d  v a l v e s  - one i n  t h e  f u e l  l i n e  and one i n  t h e  o x i d i z e r  l i n e .  
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Figure C6-3 

SCHEMATIC - GEMINI RE-ENTRY CONTROL SYSTEM (RCS) 
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RE-ENTRY CONTROL "A"  AND "B" SYSTEMS Figure C6-4 

OXIDIZER 

FUEL SOLENOID 

DETAIL A 

RCS THRUST CHAMBER ATTITUDE CONTROL 1 . - -  

@ @ PITCH UP 

@ @ PITCH DOWN 

@ @ YAW RIGHT 

@ @ YAW LEFT 

@ @ ROLL RIGHT 

THRUST CHAMBER ARRANGEMENT 1 @ @ ROLL I .  I 
"0" SYSTEM 
FUEL SHUTOFF/ON VALVE 

,OXIDIZER TANK 

"A" SYSTEM 

"0" SYSTEM 
OXIDIZER SHUTOFF/ON VALVE COMPONENT PACKAGE 'D" 

COMPONENT PACKAGE "C" 
OXIDIZER SHUTOFF/ON VALVE 

PRESSURANT TANK 

OXIDIZER TANK 

VENT (TYP 2 PLACES) 

COMPONENT 
PACKAGE "0" 

-COMPONENT 
PACKAGE "A" 

PACKAGE "C" 

COMPONENT 
PACKAGE "8" 

THRUST CHAMBER 

COMPONENT PACKAGE "A"  
(TYP 16 PLACES) 
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Pressurant Group 

REPORT NO. G975 
15 APRIL 1969 

Pressurant Tank - Nitrogen storage; a 3000 psia titanium sphere 
having a 7.25 inch O.D. and an internal volume of 185 cubic inches. 

"A" Package - Same as OAMS component. 
"B" Package - Same as OAMS component. 
Pressure Regulator - Same as OAMS component. 

2. Propellant Group 

Oxidizer Tank - N204 storage/expulsion; consists of a cylindral, 
titvlim shell, teflon bladder and performed expulsion tube. The 

tank is 5.1 inches in diameter, 25.4 inches long and has a propel- 

lant volume of 439 cubic inches. 

Fuel Tank - MMH storage/expulsion; same basic design as oxidizer 

tank. This tank is 5.1 inches in diameter, 30.9 inches long and 

has a propellant volume of 546 cubic inches. 

"C" Package - Same as OAMS component. 
I t  I t  D Package - Same as OAMS component. 

3. Engine Group 

The engine group consists of eight, 23 lbs thrust ablatively cooled 

engines. They are of the same basic design as those in the OAMS. 
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R E P O R T  NO. G975 
1 5  APRIL 1969 

Figure C6-5 
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RETROGRADE ROCKET SYSTEM 

ADAPTER, RETROGRADF SECTION -\ 

RETROGRADE ROCKET 
IGNITER ASSEMBLY 7 

REPORT NO. G975 
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'Figure C6-6 

RETROGRADE 
ROCKET 
(4 TYPICAL) 

RETROGRADE 
MOTOR 

MOUNTING LUG 

NOZZLE ASSEMBLY 

TEST ADAPTER 

NOZZLE CLOSURE 

ROCKET 
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7 .  ENVIRONMENTAL CONTROL SYSTEM - The Environmental Control  System 

( E C S ) ,  r e f e rence  F igureC7-1 ,provides  con t ro l l ed  environments f o r  t h e  a s t r o -  

n a u t s ,  e l e c t r o n i c  equipment, and r egu la t ed  temperature f o r  t h e  f u e l  c e l l s  

through-out a l l  phases of t h e  miss ion .  General design c r i t e r i a  a r e  given 

i n  Table C7-1. 

The a s t r o n a u t s  a r e  provided wi th  redundant atmospheres by having 

a c lo sed  p re s su re  s u i t  c i r c u i t  w i th in  t h e  p re s su r i zed  cabin .  Both t h e  s u i t  

and cab in  c i r c u i t s  provide temperature,  p re s su re ,  c i r c u l a t i o n ,  and purge 

type  composition c o n t r o l .  

I n  t h e  event t h a t  it becomes necessary f o r  an a s t ronau t  t o  e j e c t  

from t h e  capsule ,  below 45,000 f t .  a l t i t u d e ,  h i s  eg re s s  sytem purges h i s  s u i t  

of carbon d ioxide ,  provides p r e s s u r i z a t i o n ,  provides b rea th ing  oxygen, and 

i s o l a t e s  him from an environment which could be t o x i c ,  and provides  bouy- 

anc y f o r  water landings .  

The e l e c t r o n i c  equipment i s  maintained wi th in  t h e  requi red  tem- 

p e r a t u r e  l i m i t s  by thermal communications wi th  t h e  c o l d p l a t e s  on which they  

a r e  mounted. Each co ldp la t e  i s  cooled by some po r t ion  of t h e  coolant  which 

i s  c i r c u l a t e d  f o r  a l l  temperature c o n t r o l  on t h e  v e h i c l e .  

The temperature l e v e l  of t h e  g rad ien t  ac ros s  t h e  f u e l  c e l l s  i s  main- 

t a i n e d  wi th in  t h e  r equ i r ed  l i m i t s  by t h e  automatic temperature r e g u l a t o r  a t  

t h e  i n l e t  t o  t h e  f u e l  c e l l  and by t h e  mass flow r a t e  o r  number of pumps 

ope ra t ing  . 
The Environmental Control  System may be separa ted  i n t o  f i v e  systems 

o r  loops  which opera te  somewhat independent of each o t h e r .  They a r e :  

oxygen supply system, cabin  loop ,  s u i t  loop ,  water management system and 

coolant  system. 

A block diagram of t h e  ECS i s  shown i n  F igure  C7-2. 

7 . 1  OXYGEN SUPPLY SYSTEM - There a r e  t h r e e  oxygen systems: p r i -  

mary, secondary, and eg res s .  

- Reference:  Figure C7-3. This system s t o r e s  

and d ispenses  oxygen f o r  b rea th ing ,  and s u i t  and cabin  p r e s s u r i z a t i o n .  It 

provides  oxygen during t h e  per iod  beginning two hours p r i o r  t o  launch and 

262 
NlCBOMIPIELL DOUGLAS ASTRONAUTICS COMPANY 

EASTERN DlWlSlOlV 



VOLUME I1 
BOOK 1 

OPTIMIZED COST/PERFORMANCE 

DESIGN METHODOLOGY 
REPORT NO. G975 

15 APRIL 1969 

ending wi th  j e t t i s o n  of t h e  adapter  s ec t ion  a t  r e t r o g r a d e .  

The primary oxygen supply i s  s t o r e d  a t  s u p e r c r i t i c a l  p ressure  i n  a 

cryogenic sphe r i ca l  con ta ine r  i n  t h e  adapter  s e c t i o n .  This  conta iner  is  

f i l l e d  wi th  l i q u i d  oxygen a t  atmospheric p re s su re .  

Secondary Oxygen - Reference: Figure (27-3. The secondary oxygen 

system performs t h e  same func t ions  a s  t h e  primary oxygen system when t h e  

p re s su re  i n  t h e  primary system f a l l s  below 75 t 1 0  p s i .  It a l s o  assumes t h e  

d u t i e s  of t h e  primary system a t  r e t rog rade ,  when t h e  primary conta iner  i s  

j e t t i s o n e d  wi th  t h e  equipment adap te r .  

The secondary gaseous oxygen supply i s  s t o r e d  i n  c y l i n d r i c a l  t a n k s  

loca t ed  i n  t h e  r e - en t ry  module. Each t ank  conta ins  6 .5  pounds of usable  

oxygen p re s su r i zed  t o  5,000 p s i g  maximum a t  70°F. This  oxygen supply i s  

then  r egu la t ed  before  it e n t e r s  t h e  s u i t  o r  cabin .  

Egress Oxygen - This system provides b rea th ing  and s u i t  p r e s s u r i -  

z a t i o n  oxygen f o r  each p i l o t  below 45,000 f e e t  a l t i t u d e  when e j e c t i o n  pro- 

cedures  a r e  i n i t i a t e d .  

The eg res s  oxygen supply i s  s to red  i n  a t a n k  loca t ed  i n  each s e a t -  

mounted egress  k i t .  Each tank  conta ins  0.31 pound of usable  p re s su r i zed  

oxygen. 

Cabin Loo2 - Cooling of  t h e  cabin  gas i s  accomplished by a cabin  

hea t  exchanger and f a n .  The cool ing  medium i s  a f l u i d  t h a t  c i r c u l a t e s  

through t h e  hea t  exchanger. Normal cabin leakage al lows t h e  cabin p re s su re  

t o  decay t o  a nominal va lue  of 5 . 1  p s i a  and t h e  cabin  p re s su re  c o n t r o l  va lve  

maintains  t h i s  value au tomat ica l ly .  In  order  t o  ob ta in  maximum u t i l i z a t i o n  

of oxygen, it f i r s t  pas ses  through t h e  s u i t  loop before  it i s  dumped i n t o  

t h e  cabin  through t h e  s u i t  p re s su re  r e l i e f  va lves .  

S u i t  Loop - The p i l o t s  a r e  provided wi th  redundant atmospheres by 

having a c losed  p re s su re  s u i t  c i r c u i t  w i th in  t h e  p re s su r i zed  cabin .  This 

s u i t  c i r c u i t  p rovides  f o r  cool ing ,  p r e s s u r i z a t i o n ,  p u r i f i c a t i o n  and water 

removal. 

The s u i t  l oop  i s  a c losed  system wi th  two p re s su re  s u i t s  ope ra t ing  

i n  p a r a l l e l .  C i r c u l a t i o n  of oxygen through t h e  s u i t  i s  provided by a 

263 
MCDONNELL DOUGLAS ASTRORIIAUTffCS COIPIIIPANV 

EASTERN Off VISION 



VOLUME I1 
BOOK 1 

OPTIMIZED COST/PERFQRIVIANCE 

DESIGN METHODOLOGY 
R E P O R T  NO. G975 

15 APRIL 1969 

Figure C7- 1 

ENVIRONMENTAL CONTROL SYSTEM 
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Table C7-1 

ENVIRONMENTAL CONTROL SYSTEM DESIGN CRITERIA 

GEMINI SPACECRAFT 

METABOLIC 

Heat Product ion  Rate 

0 Consumption Rate 
2 

C O  Product ion Rate 
2 

Heat Production Rate 309 BTU/Man/Hr. 

Drinking Water - Post  Landing - Cabin 1 4  Lbs. 

- Emergency - Surviva l  K i t s  9  Lb s  . approx . 
Drinking Water Required 7 .5  Lbs . /~an /Day  

Water Stored i n  t h e  Adapter - 1 4 - ~ a y  210 Lbs. 

Water Product ion  

P e r s p i r a t i o n  and Resp i r a t ion  

Urine 

Feces 

Latent  Cooling 

Pre-Launch 

Launch 

Orbi t  

Re-entry 

Post  Landing 

REPORT NO. G975 
15 APRIL 1969 

291 ~Tu/Man/Hr. 

291 B T U / M ~ ~ / H ~ .  

Avg. 350-380 B T U / M ~ ~ / H ~ .  

480 BTu/Man/Hr. 

540 BTU/Man/Hr. 

LEAKAGE 

Cabin (measured a t  s ea  l e v e l  wi th  N and 2 
cabin  p re s su re  of 19 .7  PSIA) 500 cc/min. 

S u i t  (measured a t  s ea  l e v e l  wi th  N and s u i t  2  
p re s su re  of 19.7 PSIA) 300 cc/min. 

CABIN EQUIPMENT HEAT INPUT 683 BTU/Hr. 

SUPERCRITICAL TANKAGE - ECS 

14-Day Mission - O2 106 Lbs. ( ~ e s i d u a l  8.95 Lbs. ) 
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Table C7-1 (Continued) 

WATER PRODUCTION - NON-DRINKING 

1 4 - ~ a ~  Mission - Water Separator  

- Fuel  Ce l l s  

ATMOSPHERIC PURIFICATION 

Heat Product ion  Rate 

Maximum Allowable CO P a r t i a l  Pressure  
2 

Heat Generated/Lb. C02 Absorbed 

LIOH ~ e q u i r e d / L b .  C02 Absorbed 

LIOH Required - 1 4 - ~ a y  Mission 

112 Lbs. 

189 Lbs. Max. 

400 BTU/Man/Hr. 

8 mm ~ g .  

1286 BTU 

1.08 ~ b .  

71.0 Lbs. 

REPORT NO. G975 
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c e n t r i f u g a l  compressor. Carbon d ioxide  and odors a r e  removed by an absorber  

bed con ta in ing  l i t h i u m  hydroxide and a c t i v a t e d  charcoa l .  The gases  a r e  

cooled i n  a hea t  exchanger by a l i q u i d  coo lan t ,  MSC-198, a t  a p o i n t  below 

t h e  dew po in t  temperature.  Water condensing wi th in  t h e  hea t  exchanger i s  

dumped overboard o r  rou ted  t o  t h e  water evaporator .  The recondi t ioned  

oxygen i s  mixed wi th  f r e s h  makeup oxygen. 

The s u i t  c i r c u i t  has two modes of opera t ion ;  t h e  normal r e c i r c u l a -  

t i o n  mode i s  d iscussed  above and t h e  high r a t e  mode which shu t s  o f f  t h e  

r e c i r c u l a t i o n  system and dumps oxygen d i r e c t l y  i n t o  t h e  s u i t .  This mode of 

ope ra t ion  is normally used during t h e  re -en t ry  phase of t h e  mission.  

7.2 WATER MANAGEMENT SYSTEM - The func t ions  of t h e  water  manage- 

ment system a r e  t o  s t o r e  and dispense dr inking  water and t o  c o l l e c t  and r o u t e  

unwanted water  t o  t h e  evaporator  o r  dump overboard. 

Drinking water i s  s to red  i n  t h r e e  tanks  i n  t h e  adap te r .  Each t a n k  

con ta ins  a bladder  and i s  p re s su r i zed  t o  supply water t o  t h e  t r a n s p a r e n t  

t a n k  i n  t h e  re -en t ry  module. Two s to rage  tanks  s t o r e  both d r ink ing  water 

and f u e l  c e l l  by-product water .  Both of t h e s e  tanks  use  a combination of 

oxygen and f u e l  c e l l  water a s  t h e  p re s su ran t .  The t h i r d  t a n k  i s  p re s su r i zed  

with oxygen and s t o r e s  only dr inking  water .  

Urine and condensated water from t h e  s u i t  c i r c u i t  hea t  exchanger 

i s  absorbed by t h e  wick i n  t h e  water b o i l e r  o r  dumped overboard. 

The u r i n e  d i s p o s a l  equipment i s  government furn ished  equipment 

(GFE). It inc ludes  t h e  u r ine  l i n e ,  bellows a s ~ e m b l y ,  quick disconnect  

coupl ing,  and u r i c e p t a c l e .  

7 .3  COOLING SYSTEM - Reference: Figure ~7-4. The spacec ra f t  cool-  

ing system c o n s i s t s  of two i d e n t i c a l  temperature c o n t r o l  c i r c u i t s  func t ion ing  

independent ly of each o the r  t o  provide t h e  cool ing requirements  of t h e  space- 

c r a f t .  Each cool ing c i r c u i t  c o n s i s t s  of a pump package, t he rmos ta t i c  and 

d i r e c t i o n a l  c o n t r o l  v a l v e s ,  va r ious  type  hea t  exchangers,  r a d i a t o r s ,  f i l t e r s ,  

and t h e  necessary  plumbing r equ i r ed  t o  provide a closed c i r c u i t .  The cool-  

ing  system may be opera ted  i n  e i t h e r  t h e  primary and/or secondary c i r c u i t ,  

and i s  capable of ca r ry ing  maximum hea t  loads  i n  e i t h e r  c i r c u i t .  
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SPACECRAFT COOLANT SYSTEM Figure C?-4 

FUEL CELL MODULE 
(VC 7) 

(VIEW LOOKING FROM 20.00) 
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During o r b i t a l  f l i g h t ,  Monsanto MCS-198 coolant  i s  suppl ied  through- 

out t h e  cool ing  system and the rmos ta t i c  c o n t r o l  va lves  r e g u l a t e  t h e  coolant  

temperature.  Temperature sensors ,  l oca t ed  i n  t h e  system provide t h e  neces- 

s a r y  t e l eme te r ing  t o  ground s t a t i o n s .  

Cooling i s  provided throughout t h e  mission up t o  pre- re t rograde  

f i r i n g .  A t  t h i s  t ime t h e  coolant  pump packages a r e  j e t t i s o n e d  wi th  t h e  

adapter  equipment s e c t i o n ,  te rmina t ing  spacec ra f t  cool ing.  The primary c i r -  

c u i t  ope ra t e s  cont inuously providing t h e  r equ i r ed  cool ing  during low tempera- 

t u r e  l o a d s .  The secondary c i r c u i t  i s  used ,  i n  conjunct ion with t h e  primary 

c i r c u i t ,  dur ing  phases of high temperature loads  such a s  launch and pre-  

r e t rog rade .  Under normal hea t  loads ,  t h e  #1  pump i n  t h e  primary c i r c u i t  pro- 

v ides  t h e  r equ i r ed  cool ing .  Under peak hea t  l oads ,  t h e  #1 pump i n  t h e  

secondary c i r c u i t  i s  used wi th  t h e  primary c i r c u i t  #1 pump t o  provide maximum 

cool ing .  I n  t h e  event of a  #1 pump f a i l u r e  i n  e i t h e r  c i r c u i t ,  t h e  #2 pump 

i n  t h a t  c i r c u i t  i s  used. I n  t h e  event of both pumps f a i l i n g  i n  one c i r c u i t ,  

both pumps of t h e  remaining c i r c u i t  can be used t o  provide t h e  r equ i r ed  

cool ing .  

During pre-launch an e x t e r n a l  supply of MSC-198 coolant  i s  c i r -  

cu l a t ed  through t h e  spacec ra f t  ground cool ing  hea t  exchanger. The #1  pumps 

of t h e  primary and secondary cool ing c i r c u i t s  a r e  a c t i v a t e d  by an e x t e r n a l  

power source.  The spacec ra f t  r a d i a t o r  i s  bypassed i n  t h e  c i r c u i t  and f low 

of coolan t  i s  d i r e c t e d  through t h e  ground cool ing  hea t  exchanger. Shor t ly  

before  launch ,  t h e  e x t e r n a l  cool ing and e l e c t r i c a l  power a r e  disconnected.  

During launch,  t h e  launch cool ing  hea t  exchanger goes i n t o  opera- 

f40F.  A t  t h i s  t ime t h e  verna- t i o n  when t h e  coolant  temperature exceeds 46 -2 

therm va lve  opens p r e s s u r i z i n g  a  bellows which unsea ts  t h e  poppet va lve  

exposing t h e  water  i n  t h e  hea t  exchanger t o  reduced p re s su re  a s  a l t i t u d e  

i n c r e a s e s .  When t h e  spacec ra f t  a l t i t u d e  reaches 100,000 f e e t ,  t h e  water i n  

t h e  hea t  exchanger b o i l s  absorbing hea t  from t h e  coolant .  Thus, t h e  

absorbed hea t  i s  expel led  overboard i n  t h e  form of steam. 

A f t e r  o r b i t i n g  f o r  approximately 30 minutes ,  a l lowing t h e  r a d i a t o r  

t o  coo l  a f t e r  being subjected t o  launch hea t ing ,  t h e  coolant  flow i s  

d i r e c t e d  through t h e  space r a d i a t o r s .  This  bypasses t h e  ground cool ing  h e a t  
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exchanger. The evaporator se l ec to r  valve i s  pos i t ioned so t h a t  only flow 

t o  t h e  s u i t  and cabin hea t  exchangers passes through t h e  evaporator .  

P r io r  t o  adapter  j e t t i s o n i n g ,  t h e  #1 coolant pumps f o r  both t h e  

primary and secondary c i r c u i t s  a r e  ac t iva ted .  The s u i t ,  cabin and equipment 

bays a r e  cooled t o  a s  low a temperature as  poss ib le ,  before t h e  adapter  

equipment sec t ion  i s  j e t t i s o n e d .  
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8. CREW STATION - The equipment w i th in  t h e  cabin  i s  arranged t o  

permit t h e  Command P i l o t ,  sea ted  t o  t h e  l e f t ,  and t h e  P i l o t ,  s ea t ed  t o  t h e  

r i g h t ,  t o  ope ra t e  t h e  c o n t r o l s  and observe d i s p l a y s  and instruments .  The 

cabin  equipment arrangement i s  shown i n  F igure  c8-1. 

8 . 1  CREW SEATING - The crew i s  s ea t ed  i n  rocke t  ca taput  e j e c t i o n  

s e a t s .  Crew s e a t i n g  provis ions  inc lude  s e a t s ,  r e s t r a i n t  mechanisms, e j ec -  

t i o n  dev ices ,  seat-man sepa ra to r ,  s u r v i v a l  g e a r ,  and eg res s  k i t  assembly. 

Escape p rov i s ions  w i l l  be d iscussed  i n  g r e a t e r  d e t a i l  i n  Sect ion 9. 

8 .2  CONTROLS AND DISPLAY - The c o n t r o l s  and d i sp l ays  a r e  l oca t ed  

on t h r e e  p a n e l s ,  one centered  between t h e  a s t r o n a u t s ,  one i n  f r o n t  of t h e  

Command P i l o t ,  and one i n  f r o n t  of t h e  P i l o t  ( ~ e f e r e n c e  Figure C 8 - 1 ) .  The 

a t t i t u d e  c o n t r o l  handle i s  l oca t ed  between t h e  a s t r o n a u t s .  
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9 .  ESCAPE, LANDING AND RECOVERY 

9 . 1  ESCAPE - The primary escape system i n  t h e  Gemini Spacecraf t  , 

i s  t h e  e j e c t i o n  s e a t s .  Af t e r  t h e  Spacecraf t  has exceeded t h e  ope ra t iona l  

l i m i t s  of t h e  e j e c t i o n  s e a t s  abor t  i s  accomplished by f i r i n g  t h e  r e t r o r o c k e t s  

t o  s epa ra t e  t h e  spacec ra f t  from t h e  launch v e h i c l e  and mission module. A 

normal landing  sequence then  r e t u r n s  t h e  spacec ra f t  t o  t h e  E a r t h ' s  su r f ace .  

The e j e c t i o n  s e a t s  a r e  canted outboard 12  degrees and 8 degrees 

20 minutes forward t o  assure  separa t ion  and provide r equ i r ed  e l eva t ion  f o r  

of f  -the-pad a b o r t .  A rocket  ca t apu l t  s epa ra t e s  t h e  s e a t  and a s t ronau t  

from t h e  spacec ra f t .  Maximum a c c e l e r a t i o n  of t h e  a s t ronau t  i s  approximately 

17  g ' s .  The e j e c t i o n  s e a t  i s  operable  t o  70,000 f e e t  a l t i t u d e ,  speeds up 

t o  Mach 2.86, and a t  a dynamic pressure  up t o  820 p s f .  

9 .2 LANDING AND RECOVE3Y - A t h r e e  parachute system, i n  s e r i e s ,  

s t a b i l i z e s  and r e t a r d s  t h e  en t ry  veh ic l e  v e l o c i t y .  The t h r e e  parachutes  

a r e  a drogue, p i l o t ,  and main parachute.  

The drogue i s  an 8 .3  f e e t  D con ica l  r ibbon parachute.  The p i l o t  
0 

parachute i s  an 18.3 f e e t  D r i n g s a i l  con f igu ra t ion .  
0 

The main d e c e l e r a t o r  i s  an 84.2 D r i n g s a i l  parachute.  This para- 
0 

chute al lows a 31.6 f p s  r a t e  of descent f o r  a module weight of 4,400 pounds. 

9 .3  RECOVERY - F l o t a t i o n  of t h e  e n t r y  veh ic l e  i s  achieved by 

d i sp l ac ing  water w i th  t h e  cabin v e s s e l .  To improve t h e  f l o t a t i o n  a t t i t u d e  

styrofoam was i n s t a l l e d  i n  s eve ra l  of t h e  equipment bays. 
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